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PREFACE 

L         The  last  English  edition  of  this  work  (the  fifth)  appeared  in 
,  1896.     The  sixth  edition,  published  only  in  America,  differed 

•  merely  in  the  addition  of  a  supplement  relating  to  American 

*^  machines.  With  the  development  of  the  subject  it  has 
become  necessary  to  divide  the  work  into  two  parts.  Hence 
the  present  volume.  Part  I.  of  the  Seventh  Edition,  deals  only 
with  machinery  for  Continuous-Currents.  Part  II.,  dealing 
with  machinery  for  Alternating-Currents,  is  in  the  press  and 
will  be  published  in  1904. 

The  long  delay  in  the  publication  of  the  present  edition  is 
due  to  many  causes.  In  particular,  full  twelve  months  of 
delay  have  been  occasioned  by  a  libel  suit  brought  against 
the  author  on  account  mainly  of  statements  which  have 
appeared  substantially  without  change  in  every  edition  of 
this  book  since  1884. 

The    author's   grateful  acknowledgments  are  once  again 

i        due  to  the  many  engineers  and  manufacturing  firms  who  have 

v        favoured  him  with  information,  data,  and  drawings  used  in 

the   preparation  of  this  work.      To  particularize  them  here 

would  be  to  name  a  large  proportion  of  the  leading  electrical 

firms  and  engineers  of  Europe.     Acknowledgments  are  made 
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in  the  text ;  but  lest  any  may  have  been  inadvertent ly  omitted 
the  author  here  desires  to  express  a  genetal  recognition. 

The  author  is  glad  to  be  able  to  acknoirledge  the  personal 
help  he  has  received  in  the  re\'ision  erf*  his  work  from  his 
former  assistants,  Mr.  J.  Dennis  Coales.  B.Sc^  and  Mr. 
Fielder  L  Hiss,  as  well  as  from  his  present  assistant,  Mr. 
H.  \V.  Taylor.  Nor  would  his  acknowledgments  be  complete 
without  adding  the  name  of  Mr.  A.  C  Eborall,  who  nearly 
four  years  ago  helped  the  author  with  matter  now  embodied 
in  Chapters  XV'IL  and  XIX.,  as  well  as  in  the  rc\'ision  of 
some  earlier  portions.  The  section  on  Controllers  in  Chapter 
XXVL  is  largely  due  to  Mr.  Taylor ;  that  on  Boosters  in 
Chapter  XXIV.  to  Mr.  Hiss. 

The  chapters  on  Dynamo  Design,  which  were  published 
a  year  ago  as  a  separate  book,  are  now,  as  originally  intended, 
embodied  in  the  present  work. 


S.  P.  T. 


LOVIJOV  : 

OctaUr^  1903. 


CONTENTS 


-•o»- 


CHAPTER   I. 

PAGC 

Introductory i 


CHAPTER  II. 
Historical  Notes       7 

CHAPTER  III. 
Physical  Theory  of  Dynamo-Electric  Machines  ..        ..      37 


CHAPTER   IV. 
Magnetic  Principles  ;  and  the  Magnetic  Properties  of 

M,  XkXfPt  mm  *•  .•  ..  ..  ..  «•  ••  ,a  71 


CHAPTER   V. 
Forms  of  Field-Magnets 115 

CHAPTER  VI. 
Magnetic  Calculations  as  applied  to  Dynamo  Machines    130 

CHAPTER  VII. 
Copper  Calculations;  Coil  Windings 155 


viii  Dynamo- Electric  McLchinery, 


CHAPTER  VIII. 

PAGE 

Insulating  Materials  and  their  Properties  189 


CHAPTER   IX. 
Actions  and  Reactions  in  the  Armature 197 

CHAPTER  X. 
Commutation  ;  Conditions  of  Suppression  of  Sparking  ..     235 

CHAPTER   XI. 

Elementary   Theory   of    the    Dynamo,    Magneto,    and 
Separately-Excited        Machines.  Self-Exciting 

Machines  ..         ..        ..         ..         ..  ..     279 

CHAPTER   XII. 
Characteristic  Curves        ..         ..         321 

CHAPTER   XIII. 
The  Theory  of  Armature  Winding 350 

CHAPTER  XIV. 
Armature  Construction 422 

CHAPTER   XV. 

Mechanical  Points  in  Design  and  Construction  ..         ..     467 

CHAPTER   XVI. 
Commutators,  Bfushes  and  Brush-holdehs 481 


Contents.  ix 


CHAPTER  XVII. 

PACK 

Losses,  Heating  and  Pressure-Drop 512 


CHAPTER   XVIII. 
The  Design  of  Continuous-Current  Dynamos        ..         ..     532 


CHAPTER  XIX. 
Analysis  of  Dynamo  Design 582 


CHAPTER  XX. 
Examples  of  Modfrn  Dynamos  (Lighting  and  Traction)     650 


CHAPTER   XXI. 
Dynamos  for  Electro-Metallurgy  and  Electro-Plating     703 


CHAPTER  XXII. 
Arc-Lighting  Dynamos  and  Rectifiers  ..         .  726 


CHAPTER  XXIII. 

Speclal  Types  of  Dynamos  :  Extra  High  Voltage  Ma- 
chines, Steam-Turbine  Machines,  Extra  Low  Speed 
Machines,  Exciters,  Double- Current  Machines, 
Three-Wire  Machines,  Homopolar  (Unipolar)  Ma- 
chines, Disk  Dynamos 752 


CHAPTER  XXIV. 
Motor-Generators  and  Boosters  .       .  .-         .,     772 


Dy7iamO'Electric  Machinery, 


CHAPTER   XXV. 


Continuous-Current  Motors 


•  9  •  I 


CHAPTER   XXVI. 

Regulators,  Rheostats,  Controllers  and  Starters       ..     869 


CHAPTER  XXVII. 


Management  and  Testing  of  Dynamos 


•  *  •  •  «  • 


913 


APPENDIX. 


Wire  Gauge  Tables    .. 


•  •  •  • 


To  face  p,     940 


INDEX      .- 


■    «  v«  ••  •• 


941 


LIST    OF    PLATES 


DBSCKIBBD 
SUBJECT  AT  PACK 

L    Curves  of  Magnetic  Data      ..         85 

II.    K.\pp  Bipolar  Dynamo  (Field-Magnets  and  Transverse 

Section  of  Armature)       ..     651 

III.  ,,  ,,  (Armature      in     Long  nr  din  al 

Section)  651 

IV.  ,»  „  (Rocker,     Brush-holder,     and 

Lubricator) 651 

V.    Scoxt  and  Mountain  6-Pole  Generator  ..         ..  582  and  665 

VI.     Kolben  4-Pole  Generator 671 

VII.    Brown,  Boveri  and  Co.  8- Pole  Electro-Metallurgical 

Generator  (General  View  and  Brush-rocker)  609 

VIIL  .Brown,  Boveri  and  Co.  S- Pole  Electro-Metallurgical 

Generator  (Armature) 609 

IX.    Brown's  Barrel- Wound  Drum  Armature..         ..449  and  662 

X.    Parshall's   6-Pole    Tramway    GeneRxVTOr    (Sectional 

Views)..     675 

XI.  „  „  ,,  M        (Commutator)    488 

XII.    Parshall's  io-Pole  Tramway  Generator 678 

XIIL    Kummer's  18- Pole  Tramway  Generator 686 

XIV.     Allgemeine      Elektrizitats     Gesellschaft,      14- Pole 

Generator  for  Electro-Chemical  Work     ..         ..     715 

XV.    Oerlikon      4-P0LE      Generator     (Central      London 

Railway)  652 


xii  Dynamo-Electric  Machinery. 

DKSCRIBBD 
SUBJECT  AT   PACK 

XVI.    Kolben's    io-Pole    Traction    Generator    (General 

View)    671 

XVII.  ,,  ,,  ,,  „    (Armature)       ..     401 

XVIII.  ,,  „  „  ,,    (Magnet  Bobbin)    671 

XIX.    Oerlikon  12-P0LE  Traction  Generator  654 

XX.      POSTEL-VlNAY   12-POLE   (RiNG)   GENERATOR  ..       686 

X.\I.    KoLBEN*s  18-P0LE  Electrolytic  Generator     ..         ..     718 

XXII.    Ganz  and  Co.  6-Pole  Marine  Generator  (General 

View)     689 

XXIII.  „  ,,  ,,  ,,        (Commutator, 

AND  Pole-Cores)  492011(1269 

XXIV.  International  Electric  Co.  8-Pole  Generator        ..     695 
XXV.    Siemens  and  Halske*s  Generators         687 

XXVI.  Alioth*s  12-P0LE  (Ring)  Electrolytic  Generator    ..  720 

XXVII.  Shafts  of  Various  Machines         473 

XXVIII.  Tramway  Motor  of  Soc.  15:lectricit6  et  Hydraulique  S57 

XXIX.  Thury*s  Vertical  Shaft  Motor 866 

XXX.  Lahmeyer*s  Booster 789 


DYNAMO -ELECTRIC 
MACHINERY. 


CHAPTER   I. 

INTRODUCTORY. 

The  term  "  dynamo-electric  machine "  was  originated,  so  far 
as  the  English  language  is  concerned,  by  the  late  Mr.  Charles 
Brooke,  F.R.S.,  as  recorded*  on  page  409,  vol.  xv.  of  the 
Proceedings  of  the  Royal  Society  in  1867,  in  a  paper  on 
the  conversion  of  energy.  In  recent  years  the  term  has 
been  used  in  its  general  sense  to  include  all  machines,  the 
action  of  which  is  dependent  on  the  principle-  of  induction^ 
discovered  by  Faraday  in  1831.  Faraday  himself  called  such 
machines  magneto-electric^  and  this  adjective  is  still  retained 
to  denote  those  having  a  permanent  magnet  of  steel,  though 

^  "  The  dynamic  nature  of  electric  energy  is  clearly  indicated  by  the  dynamo- 
electric  machine  of  Holtz,  in  which  dynamic  is  directly  converted  into  electric 
energy, — and  by  the  cognate  machines  of  Wilde,  Wheatstone,  Siemens  and 
Ladd,  in  all  of  which  alike  there  is  an  intervening  conversion  of  dynamic  into 
magnetic  energy.*'  Brooke  goes  on,  in  a  footnote,  to  explain  the  definite  principle 
governing  the  construction  of  those  compound  terms  which  must  be  constantly 
employed  in  relation  to  the  conversions  of  energy.  '*  This,"  he  says,  **  may  be 
accomplished  by  taking  the  first  section  of  the  term  to  mean  the  acting  cause^  the 
second  the  resulting  effect :  thus  a  dynamo-electric  machine  will  be  one  in  which 
dynamic  energy  is  employed  to  produce  an  electric  current ;  and  an  electro- 
dynamic  engine,  one  in  which  a  current  is  employed  to  evolve  dynamic  energy." 
But  no  subsequent  writer  has  ever  regarded  any  machines  that  depend  (like  those 
of  Holtz  and  Wimshurst)  on  purely  electrostatic  operations  as  included  under 
the  term  dynamo-electric. 

'  Induction  means  the  inducing  of  electromotive  force.  The  term  originated 
with  Faraday  himself. 

'*  Then  I  found  that  magnets  would  induce  just  like  voltaic  currents,  and  by 
bringing  helices  and  wires  and  jackets  up  to  the  poles  of  magnets,  electrical 
currents  were  induced  in  them These  two  kinds  of  induction  I  have 
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Faraday  applied  it  alike  to  cases  in  which  steel  bars,  lodestones, 
electro-magnets,  and  even  the  earth  were  used  as  magnets.  In 
some  dynamo  machines  the  conductors  move,  while  the 
magnets  are  stationary ;  in  others  the  magnets  move,  while 
the  conductors  stand  still ;  in  others  both  parts  move  ;  while 
again  in  others  neither  move,  but  the  induction  is  effected 
by  the  movement  of  masses  of  iron.  Hence  the  more  general 
statement : — 

A  dynamo-electric  machine  is  a  machine  for  converting 
mechanical  energy  into  energy  in  the  form  of  electric  currents^ 
or  vice  versdy  by  magneto^lectric  induction  ;  the  operation  being 
in  general  that  of  causing  cotiductors  (usually  of  copper)  to 
cut  magnetic  lines. 

Every  dynamo-electric  machine  is,  however,  capable  of 
serving  two  distinct  functions,  the  converse  of  one  another. 
When  supplied  with  mechanical  power  from  some  external 
source  of  power,  such  as  a  steam-engine,  it  furnishes  electric 
currents.  When  supplied  with  electric  currents  from  some 
external  source,  such  as  a  voltaic  battery,  it  furnishes  me- 
chanical power.  On  the  one  hand  the  dynamo  serves  as  a 
generator y  on  the  other  hand  as  a  motor.  They  are  also  distin- 
guished, according  to  the  nature  of  the  current  which  they 
are  to  supply,  whether  continuous  {i,e,  uni-directional  in  flow) 
or  alternating  (i,e.  rapidly  reversing  the  direction  of  the 
flow).  Hence  there  are  four  classes  of  machines — {a)  con- 
tinuous-current dynamos;  {b)  alternate-current  dynamos, 
alternators ;  {c)  continuous-current  motors ;  {d)  alternate- 
current  motors.  In  the  case  of  alternate-current  machines, 
there  is  a  further  subdivision  into  those  which  work 
with  single-phase  currents,  and  those  which  work  with 
two  or  three  currents  in  different  phases.  We  shall  also 
have  to  consider  machinery  or  apparatus  for  transforming 
currents  of  one  species  into  currents  of  a  different  species, 

distingaUhed  by  the  term  volta-electric  and  magneto-electric  induction,** — 
Faraday  to  R.  Phillips,  Nov.  1831. 

Though  Faraday  thus  fixed  the  meaning  of  the  term  '*  induction"  as  the  opera- 
tion of  inducing,  a  number  of  recent  writers,  including  Hopkinson,  have  followed 
the  unfortunate  example  set  by  Maxwell  in  using  the  term  in  a  different  sense  to 
mean  the  density  of  the  magnetic  flux.    This  ought  to  be  avoided. 
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or  into  a  diflferent  variety  of  the  same  species.  Such 
apparatus  is  of  several  different  kinds,  including  the  alternate- 
current  transformer^  which  is  a  stationary  apparatus,  and  a 
number  of  revolving  machines  variously  known  as  motors 
generators^  continuotis-current  transformers,  rotatory  converters, 
permutators  and  boosters.  In  general,  every  dynamo,  whether 
intended  for  use  as  a  generator  or  as  a  motor,  consists  of  two 
essential  parts,  a  field-magnet,  usually  a  massive,  stationary 
structure  of  iron  surrounded  by  coils  of  insulated  copper  wire, 
and  an  armature,  a  peculiarly  arranged  system  of  copper 
conductors,  usually  wound  upon  the  periphery  of  a  ring, 
drum,  or  disk,  fixed  upon  a  shaft  whereby  rotation  can  be 
imparted  mechanically.  The  ordinary  machines  fall  under 
two  types  : — the  *'A"  type  having  stationary  field-magnet  and 
revolving  armature  ;  this  type  being  universal  for  all  continu- 
ous-current generators  and  motors,  and  also  common  for 
alternate-current  generators  of  low  voltage  :  the  "  B  "  type 
having  revolving  field-ms^nets  and  stationary  armature ; 
this  type  being  now  preferred  for  all  large  high-voltage 
alternators.  In  modern  alternate-current  motors  there  is 
a  special  type  known  as  the  induction  motor,  consisting  of  a 
primary  or  stator  part,  and  a  secondary  or  rotor  part.  The 
stator  (usually  stationary)  being  a  true  armature  receiving  its 
currents  from  the  line,  as  all  motors  do ;  while  the  rotor 
(usually  revolving)  acts  as  a  sort  of  field-magnet  receiving  its 
magnetism  by  induction  only.  There  are  also  special  devices 
for  receiving  the  electric  currents  from  the  armature  and 
imparting  them  to  the  electric  circuit,  or  vice  versd,  known  as 
collectors  or  commutators,  attached  to  the  armature  and  rotat- 
ing with  it,  and  collecting  brusfies,  constituting  sliding  circuit- 
connexions,  which  press  upon  the  moving  surface  of  the 
collector  or  commutator.  In  those  cases  where  the  collect- 
ing brush  slides  from  one  piece  of  metal  to  another,  thereby 
changing  the  connexions  of  the  circuits,  the  revolving  part  is 
known  as  the  commutator.  In  those  cases  where  there  is  no 
change  of  connexions,  but  merely  sliding  contact  with  one 
and  the  same  piece  of  metal,  the  parts  are  known  as  slip-rings 
or  collecting-rings. 
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The  function  of  the  field-magnet  is  to  provide  a  magnetic 
field  of  great  extent  and  density ;  that  is  to  say,  to  provide 
a  great  flux  of  magnetic  lines  through  the  space  wherein  the 
armature  conductors  are  to  revolve.  It  must  consequently 
consist  of  a  large  and  well-designed,  and  therefore  powerful, 
magnet  or  electromagnet,  or  of  a  group  of  such  electromagnets, 
having  poles  so  shaped  that  the  magnetic  lines  that  issue  from 
them  shall  be  utilised  in  the  armature  space.  The  magnetic 
field  and  the  magnetic  properties  of  iron  are  dealt  with  in 
Chapter  IV. ;  the  fundamental  principles  of  the  magnetic 
circuit,  including  the  designing  of  field-magnets,  are  dealt 
with  in  Chapters  V.  and  VI. 

The  function  of  the  armature  (if  rotatory)  is  to  rotate  in 
the  magnetic  field,  whilst  carrying  electric  currents  in'  its 
copper  coils  or  conductors ;  and,  while  so  rotating,  to 
generate  electromotive  forces  by  the  operation  of  **  cutting  " 
the  magnetic  lines ;  or  (if  stationary)  to  "  cut "  the  mag- 
netic lines  of  the  revolving  poles  of  the  field-magnet. 
That  part  ought  to  be  called  "  armature  "  which,  whether 
revolving  or  stationary,  is  connected  to  the  mains,  giving 
the  current  to  them  when  the  machine  is  used  as  a  genera- 
tor, or,  when  used  as  a  motor,  receiving  from  them  the  current 
which  drives  the  machine. 

It  must  be  remembered  that  there  is  a  twofold  action 
between  a  conducting  wire  (forming  part  of  a  circuit)  and  a 
magnetic  field.  Firstly ^  if  the  conducting  wire  is  forcibly 
moved  across  the  magnetic  field  (so  as  to  cut  across  the 
magnetic  lines),  electric  currents  are  generated  in  the  con- 
ductor, and  a  mechanical  effort  is  required  to  move  the  con- 
ductor. This  is  the  action  discovered  by  Faraday  and  termed 
"magneto-electric  induction."  In  every  case  the  induction 
or  generation  of  currents  necessitates  the  application  of 
mechanical  power  and  the  expenditure  of  energy.  This  is  the 
principle  of  the  dynamo  used  as  a  generator.  Secondly ^  if  the 
conducting  wire,  while  situated  in  the  magnetic  field,  is 
actually  conveying  an  electric  current  (from  whatever  source) 
it  experiences  a  lateral  thrust,  tending  to  move  it  forcibly, 
parallel  to  itself,  across  the  magnetic  lines,  and  so  enables  it 
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to  exert  force  and  to  do  work.  This  action,  which  is  the 
converse  of  the  former,  is  the  principle  of  the  dynamo  used  as 
a  motor.  In  the  first  case  power  is  required  to  drive  the 
armature ;  in  the  second,  the  armature  rotating  becomes  a 
source  of  power.  If  we  have  the  magnetic  field,  and  supply 
power  to  drive  the  rotating  conductor,  we  get  the  electric 
currents  ;  if  we  have  the  magnetic  field  and  supply  the 
electric  currents  to  the  conductor,  it  rotates  and  furnishes 
power.  Whether  the  machine  be  used  as  generator  or  as 
motor,  the  magnetic  field  must  be  present :  hence  the  funda- 
mental consideration  in  theory  is  the  theory  of  the  magnetic 
field  As  every  dynamo  will  work  (at  least  theoretically) 
either  as  generator  or  as  motor,  it  should  be  possible  to  frame 
a  general  theory  for  any  machine  serving  either  of  these  two 
converse  functions.  For  the  sake  of  simplicity,  however, 
these  two  functions  will  be  separately  considered  in  the 
present  work. 

The  mathematical  theory  of  the  dynamo  is,  indeed,  com- 
plex, and  takes  different  forms  for  its  expression  in  the  various 
classes  of  machine  now  included  under  the  one  name  of 
"dynamo."  The  progress  of  electromagnetic  theory  has 
simplified  matters  so  much  that  it  is  possible  to  predict  from 
the  construction  and  dimensions  of  a  dynamo  its  electrical 
output  under  given  conditions  of  speed  and  load,  and  to 
design  a  machine  to  a  given  specification  with  certainty  that 
when  it  has  been  built  from  those  designs  it  will  when  set  to 
work  fulfil  them  with  a  very  close  degree  of  accuracy.  In 
the  present  edition  much  more  extended  notice  is  given  to 
dynamo  design  than  was  possible  in  the  earlier  editions.  In 
the  practice  of  design  rules  must  be  followed,  most  of  which 
stand  upon  a  true  theoretical  basis,  but  some  are  purely 
empirical  and  merely  represent  in  convenient  form  the  results 
of  experience.  In  some  cases  algebraic  formula;  are  em- 
ployed ;  in  other  cases  resort  is  had  to  graphic  methods. 
Throughout  the  attempt  is  made  to  keep  physical  ideas,  rather 
than  abstract  theories,  well  in  view.  The  theory  of  the 
dynamo,  then,  which  will  be  developed  in  the  present  work 
will  not  be  a  general  mathematical  theory.     The  aim  will  be 
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to  deal  with  physical  ^  and  experimental  rather  than  mathe- 
matical ideas,  though  of  necessity  mathematical  symbols 
must  be  used  here  as  in  every  kind  of  engineering  work. 

Before,  however,  proceeding  to  the  general  theory  of  the 
dynamo,  it  will  be  expedient  to  introduce  a  few  historical 
notes. 

A  few  words  may  be  said  respecting  some  useful  abbrevia- 
tions used  in  describing  machines.  The  initials  AC,  CC  and 
DC,  used  Te^&^ct\v^\yioY  alternating-current, continuotiS'Current 
and  double-currenty  need  no  explanation.  The  Author  has 
adopted  a  convenient  system  for  the  notation  of  machines,  in 
which  the  three  principal  numerical  data — namely,  the  number 
of  poles,  the  number  of  rated  kilowatts  (or  in  case  of  motors 
of  horse-power),  and  the  number  of  revolutions  per  minute — 
are  set  down  after  the  initials  that  represent  the  style  of  the 
machine.  Thus  MP  lo — 500^85  means  a  multipolar  gene- 
rator of  ID  poles,  500  kilowatts  at  85  revolutions  per  minute ; 
and  A  T  B  30—600—200  means  an  alternator,  three-phaSe,  of 
B-type,  having  30-poles,  and  rated  at  600  kilowatts  at  200 
revolutions  per  minute. 

*  For  Physical  Theories  see  J.  M.  Gaugain,  Annales  de  Chimie  d  de  Physique^ 
1S73  >  Antoine  Breguet,  Annales  de  Chimie  et  de  Physiqtte^  1879  ;  Du  Moncel, 
Exposi  des  Applications  de  r Alectriciti^  vol.  ii. ;  Niaudet,  Machines  £lectriques  ; 
Dredge's  Electric  Illumination  ;  Schellen,  Die  Magneto^  und  Dynamo-elektrischen 
Machinen  (3rd  edition,  1883) ;  and  the  author's  Cantor  Lectures  delivered  before 
the  Society  of  Arts  in  1882,  which  Lectures  were  the  basis  of  the  first  edition  of 
the  present  work. 


CHAPTER   11. 

HISTORICAL    NOTES. 

Faraday's  discovery  of  the  magneto-electric  induction  of  currents 
was  made  in  the  autumn  of  1831,  and  communicated,  on  Nov.  24th, 
to  the  Royal  Society  in  a  paper  printed  in  the  PhilosophUal  Trans- 
actions^ and  reprinted  in  the  beginning  of  the  first  volume  of  Faraday's 
Experimental  jResearches  in  Electricity.  His  first  experiments  related 
to  the  production  of  induced  currents  in  a  coil  by  means  of  currents 
started  or  stopped  in  a  neighbouring  coil ;  from  these  he  went  on  to 
currents  generated  in  a  coil  moved  in  front  of  the  poles  of  a  powerfiil 
steel  magnet  Upon  thus  obtaining  electricity  from  magnets  he 
attempted  to  construct  "a  new  electrical  machine."  A  disk  of 
copper,  12  inches  in  diameter  (Fig.  i) 
and  about  one-fifth  of  an  inch  in  thick-  OBBcr — ^^^^ 
ness,  fixed    upon    a    brass  axle,  was  j^'^^'—S.  7 

mounted  in  frames,  so  as  to  allow  of  — w_-..../____*~]"' \ 

revolution,  its  edge  being  at  the  same  t  iT         I 

time  introduced  between  the  magnetic  \  / 

poles  of  a  large  compound  permanent  v^  Z*^^ 

magnet,  the  poles  being  about  half  an  jp|q^  ,^ 

inch  apart.^     The   edge   of   the  plate      Faraday's  Disk  Dynamo. 
was  well  amalgamated,  for  the  purpose 

of  obtaining  a  good  but  movable  contact,  and  a  part  round  the  axle 
was  also  prepared  in  a  similar  manner.  Conducting  strips  of  copper 
and  lead,  to  serve  as  electric  collectors,  were  prepared,  so  as  to  be 
placed  in  contact  with  the  edge  of  the  copper  disk ;  one  of  these  was 
held  by  hand  to  touch  the  edge  of  the  disk  between  the  magnet 
poles.  The  wires  from  a  galvanometer  were  connected,  the  one  to 
the  collecting-strip,  the  other  to  the  brass  axle  ;  then  on  revolving  the 
disk  a  deflexion  of  the  galvanometer  was  obtained,  which  was  re- 
versed in  direction  when  the  direction  of  the  rotation  was  reversed. 

'  Experinuntal  Researches^  i.  25,  art.  85.  This  piece  of  apparatus  is  still 
preseired  at  the  Royal  Institution,  It  was  shown  in  action  by  the  author  of  this 
work,  at  a  lecture  at  the  Royal  Institution  delivered  April  nth,  1891. 
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"  Here,  therefore,  was  demonstrated  the  production  of  a  permanent 
current  of  electricity  by  ordinary  magnets."  These  effects  were  also 
obtained  from  electromagnets,  and  from  copper  helices  without  iron 
cores,  the  exciting  current  being  separately  provided  by  a  battery. 
Several  other  forms  of  magneto-electric  machines  were  tried  by  Faraday. 
In  oiie,^  a  flat  ring  of  twelve  inches  external  diameter,  and  one 
inch  broad,  was  cut  from  a  thick  copper  plate,  and  mounted  to  revolve 
between  the  poles  of  the  magnet,  two  conductors  being  applied  to 
make  rubbing  contact  at  the  inner  and  outer  edge  at  the  part  which 
passed  between  the  magnetic  poles.  In  another,^  a  disk  of  copper, 
one-fifth  of  an  inch  thick  and  only  \\  inch  in  diameter  (Fig.  2),  was 
amalgamated  at  the  edge,  and  mounted  on  a  copper  axle.  A  square 
piece  of  sheet  metal  had  a  circular  hole  cut  in  it,  into  which  the  disk 


Fig.  2. — Faraday's  Tektotum 
Apparatus. 


Fig.  3.— Faraday's  Rotate ng 
Copper  Cylinder. 


fitted  loosely,  a  little  mercury  completed  communication  between  the 
disk  and  its  surrounding  ring.  The  latter  was  connected  by  wire  to 
a  galvanometer ;  the  other  wire  being  connected  from  the  instrument 
to  the  end  of  the  axle.  Upon  rotating  the  disk  in  a  horizontal  plane, 
currents  were  obtained  though  the  earth  was  the  only  magnet 
employed. 

Faraday  also  proposed  a  multiple  machine*  having  several  disks, 
metallically  connected  alternately  at  edges  and  centres  by  means 
of  mercury,  which  were  then  to  be  revolved  alternately  in  opposite 
directions.  In  another  apparatus*  a  copper  cylinder  (Fig.  3),  closed 
at  one  extremity,  was  put  over  a  magnet,  one  half  of  which  it  enclosed 
like  a  cap,  and  to  which  it  was  attached  without  making  metallic 


*  Experimental  Researches y  i.  art.  135. 
»  y^.,  art.  158. 


»  Ib,^  art.  155. 
*  /5.,  art.  219. 
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contact.  The  arrangement  was  then  floated  upright  in  a  narrow  jar 
of  mercury,  so  that  the  lower  edge  of  the  copper  cap  touched  the 
fluid.  On  rotating  the  magnet  and  its  attached  cap,  a  current  was 
sent  through  wires  from  the  mercury  to  the  top  of  the  copper  cap. 
In  another  apparatus,^  still  preserved  at  the  Royal  Institution,  a 
cylindrical  bar  magnet,  half  immersed  in  mercury,  was  made  to  rotate, 
and  generated  a  current,  its  own  metal  serving  as  a  conductor.  In 
another  form,^  the  cylindrical  magnet  was  rotated  horizontally 
about  its  own  axis,  and  was  found  to  generate  currents  which 
flowed  from  the  middle  to  the  ends,  or  ince  vrrsdy  according  to  the 
rotation.  In  all  these  machines  the  operations  were  homopolar,  and 
the  induction  continuous:  but  in  another  machine  (Fig.  4)  con- 
structed some  time  later,^  the  operation  was  heteropolar,  and  the 


Fig.  4.— Faraday's  Rotating  Recfangle. 


induction  alternate.  Here  a  simple  rectangle  of  copper  wire,  attached 
to  a  frame,  was  rotated  about  a  horizontal  axis  placed  east  and  west, 
and  generated  alternate  currents,  which  could  be  collected  by  a 
simple  commutator. 

Within  a  few  months  machines  on  the  principle  6f  magneto- 
induction  had  been  devised  by  Dal  Negro,*  and  by  Pixii."  In  the 
tatter's  apparatus  a  steel  horseshoe  magnet,  with  its  poles  upwards, 
was  caused  to  rotate  about  a  vertical  shaft,  inducing  alternate 
currents  in  a  pair  of  bobbins  fixed  above  it,  and  provided  with  a 
horseshoe  core  of  soft  iron.  Later,  in  1832,  Pixii  produced,  at  the 
suggestion  of  Ampfere,^  a  second  machine,  provided  with  commutators 

'  Experimental  Researches^  i.  art.  220. 

'  Jb.,  art.  222.  '  Ib.y  iii.  art.  3192. 

*  Phil.  Mag,  [3]  i.  45,  July  1832  (an  oscillatory  apparatus). 

*  Ann,  Chim.  Fhys.,  I.  322,  1832. 

*  lb.,  li.  76,  1832. 
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to  rectify  the  alternating  currents.  Further  improvements  were  made 
by  Ritchie^  and  Watkins."  In  1833  appeared  the  machine  of 
Saxton,*  and  two  years  later  that  of  Clarke  ;*  both  having  the  steel 
horseshoe  magnet  a  fixture,  and  having  as  a  revolving  armature  an 
electromagnet  consisting  of  a  pair  of  bobbins  wound  upon  a  simple 
horseshoe  of  iron.  Clarke's  machine  possessed  many  original 
details,  including  a  special  form  of  commutator  for  giving  short, 
sharp  currents  for  physiological  purposes.  In  it  the  armature 
rotated,  not  opposite  the  ends,  but  in  close  proximity  to  the  flat  faces 
of  the  magnet.  In  Saxton's  machine,  which  was  shown  to  the 
British  Association  at  Cambridge  in  1833,  the  armature  was  rotated 
opposite  the  polar  ends,  and  consisted  of  four  coils.  Von  Ettings- 
hausen,*  in  1837,  brought  out  a  very  similar  alternate  current 
machine,  with  a  special  device  by  which  the  alternate  currents 
could  be  cut  out.  Poggendorff,'  in  1838,  devised  a  special  mercury- 
cup  commutator  for  Saxton's  machines,  to  make  the  currents  less 
discontinuous. 

Other  improvements  in  detail  were  made  by  Petrina,^  who 
improved  the  commutator ;  Jacobi,"  who  pointed  out  the  importance 
of  using  short  cores  for  the  armatures;  Sturgeon,'  who  placed  a 
shuttle-wound  coil  longitudinally  between  the  limbs  of  a  horseshoe 
magnet,  and  who  also  invented  the  simple  two-part  commutator  or 
"  unio-directive  discharger,"  as  he  termed  it ;  Stohrer,'®  who  showed 
how  to  construct  a  six-pole  machine  with  six  bobbins  in  the  armature  ; 
Ritchie,"  who  employed  tubular  cores  and  a  double  winding ;  and 
Pulvermacher,**  who  in  1849  proposed  the  use  of  thin  laminae  of 
iron  as  core-plates.  In  1838,  the  Abb^s  Moigno  and  Raillard^* 
proved  that  by  taking  a  magneto-electric  machine,  the  original 
magnet  of  which  would  support  only  a  few  grammes,  and  passing 
the  electric  current  generated  by  it  round  a  large  electro-magnet,  the 
latter  could' be  made  to  support  a  weight  of  600  kilogrammes. 
Magneto-electric  inachines,  in  which  electro-magnets  had  been  substi- 

>  Phil.  Mag,  [3]  viii.  455  ;  [3]  x.  280,  1837 ;  and  Phil  Tram,,  ii.  318,  1833. 

•  lb.,  vii.  107,  1835.  »  Ib.y  ix.  360,  1836. 

•  Ib.^  ix.  262,  1836  ;  X.  365,  455,  1837 ;  and  Sturgeon's  Annals  oj  Electricity^ 
i.  145.  *  Gehlcr's  Physikalisches  Worterbuch,  ix.  122,  1838. 

•  /V^sv.  Ann.,  xlv.  385,  1838.      ^  lb,,  Ixiv.  58,  1845.      "  ^^-j  l^ix.  194,  1846. 

•  Annals  of  Electricity,  ii.  i,  1838.    See  also -Sturgeon's  Scientific  Researches, 
p.  .152  ;  also  PhiL  Mag.,  vii.  231,  1835. 

*"  Pogg*  Ann.,  Ixi.  417,  1884;  Ixxvii.  467,  1849. 

"  Specification  of  Patent,^  14*899  of  1849.  *•  Loc.  cit. 

"  Moigno's  TiUgraphie  'Electrique,  1849,  p.  15. 
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tilted  for  permanent  magnets,  had  also  been  constructed  by  Page'  of 
Washington,  who  also  observed  the  important  fact  that  an  electro- 
magnet excited  by  a  magneto-electric  machine  became  capable  of 
effects  greatly  exceeding  those  of  the  original  magnet.  Woolrich,* 
in  1841,  devised  a  multipolar  machine  for  electroplating,  having  twice 
as  many  rotating  coils  as  magnet-poles.  These  were  employed 
at  Birmingham  for  electro-plating,  and  marked  at  the  time  a  distinct 
advance.  Wookich's  plan  of  doubling  the  number  of  coils  had  the 
distinct  advantage  of  rendering  the  current  continuous  instead 
of  intermittent,  one  pair  of  coils  being  in  full  action  at  the  moment 
when  the  other  pair  was  at  its  dead  point.  Wheatstone'  began 
his  improvements  in  1841,  with  a  machine  in  which*  the  armature 
coils  were  so  grouped  as  to  give  a  more  completely  continuous 
current  For  this  purpose  five  armatures,  each  consisting  of 
a  pair  of  short  parallel  cylindrical  coils  with  iron  cores,  and 
each  having  a  simple  split-tube  commutator,  were  arranged  in  a 
row  along  a  single  shaft,  with  six  compound  steel  magnets  between 
them,  the  five  armatures  being  so  set  that  they  came  successively 
into  the  position  of  greatest  activity,  no  two  of  them  being  com- 
muted at  the  same  instant.  They  were  connected  in  series  with 
one  another  by  wires,  which  joined  the  positive  brush — a  brass 
spring — of  one  to  the  negative  brush  of  the  next  Wheatstone* 
in  1845,  Watt*  in  1852,  and  Walenn*  in  1862  patented  the  use  of 
electromagnets  instead  of  steel  permanent  magnets  in  such  machines, 
such  magnets  being,  of  course,  separately  excited  by  a  battery.  In 
1848  Jacob  Brett  ^  made  the  important  suggestion  of  causing  the 
current  developed  in  the  armature  by  the  permanent  magnetism  of 
the  field-magnets  to  be  transmitted  through  a  coil  of  wire  sur- 
rounding the  magnet,  so  as  to  increase  its  action. 

In  185 1,  a  new  and  important  suggestion  was  put  forward  by 
Sinsteden.®  Noting  the  circumstance  that  the  induced  current  from 
a  magneto-electric  machine  is  able  to  excite  an  electromagnet  up  to  a 
force  more  than  double  that  of  the  permanent  magnet  in  the  machine, 
he  remarks  that  this  affords  a  means  to  augment  the  current  up  to  an 

'  Silliman's  Journal,  xxxiv.  p.  364,  1838,  and  xlviii.  p.  393. 

*  Specification  of  Patent,  9431  of  18412 ;  see  also  Shaw's  Manual  of  Electro- 
m€tailttgyt  1845. 

»  Spec,  of  Patent,  9022  of  1841.  *  Spec,  of  Patent,  10655  of  1845. 

*  Spec,  of  Patent,  834  of  1852.  •  Spec,  of  Patent,  2772  of  1862. 
'  Spec,  of  Patent,  12054  of  1848. 

*  Pogg.  Ann.,  Ixxxiv.  186,  185 1.  For  Sinsteden's  other  researches  see  Pogg, 
Amm.,  Ixxvi.  29,  195  and  524,1849;  xcii.  I  and  220,  1854;  xcvi.  353,  1855; 
cxxxvii.  290  and  483,  1869. 
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enormous  degree.  For  if,  starting  with  an  exciting  machine  the 
magnet  of  which  can  lift  200  pounds,  one  uses  the  current  from  the 
revolving  armature  (built  on  Woolrich's  plan  with  four  coils)  to  excite 
an  electro-magnet  capable  of  lifting  500  pounds,  then  if  one  revolves 
opposite  the  poles  of  this  electro-magnet,  another  armature  of  pro- 
portionately larger  size,  this  latter  armature  will  furnish  currents  at 


KiG.    S.— SINSTEDEN'S    PLAN    OF   CONCATENATING    MACMIKES,    ISJI. 

least  double  as  strong.  These  may  again  be  used  to  excite  the 
electromagnets  (large  enough  to  sustain  1000  pounds)  of  a  still  larger 
machine.  In  this  way,  by  using  machines  to  excite  one  another  in 
concatenation,  one  would  obtain  induction  currents  far  exceeding  in 
strength  those  of  the  most  gigantic  batteries  hitherto  known.  These 
magneto-electric  currents  would,  he  remarks,  be  applicable  to  drive 
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motors,  and  would  have  the  advantage  over  battery  currents  that  they 
cost  nothing  but  the  necessary  driving  power  to  maintain  the  rotation 
and  ocxrasion  no  consumption  of  zinc  and  acids.  Sinsteden  described 
experiments  on  the  fusing  of  wires  of  copper  and  steel,  and  on  glow 
lamps  of  platinum  wire.  He  devised  special  forms  of  commutator, 
discussed  the  use  of  pole-pieces,  the  proper  width  of  polar  surfaces, 
self-excitation,  and  the  lamination  of  the  armature. 

NoUet,^  ill   1849,  devised   an   alternate-current  machine,  in  the 
construction  of  which  he  was  joined  by  Van  Malderen ;  and  after  the 
death  of  Nollet  this  was  developed,  with  the  aid,  first  of  Holmes, 
then   of  Masson  and   Du   Moncel,  into  the  "  Alliance "  ^  machine 
which,   from  the  year  1863,  did  good  service  in  the  lighthouses  of 
France-      Holmes  continued  to  perfect  his  work,  and  produced  a  fine 
machine,^  which  in  1857  received  high  commendation  from  Faraday. 
The  great  machine  of  Holmes  shown  in  the  International  Exhibition 
of  1862,  was  a  multipolar  continuous-current  machine,  with  a  large 
commutator  and  rotating  rollers  for  brushes;  the  bobbins,  160  in 
number,  were  arranged  on  the  peripheries  of  two  wheels,  each  about 
9  feet  in  diameter.     There  were  sixty  horseshoe  magnets  arranged  in 
three  circles,  each  presenting  radially  forty  poles.     In  1867  Holmes 
remodelled  his  machine,  making  the  field-magnets  more  powerful  in 
proix>rtion   and  leaving  the  induced  currents  uncommuted.     This 
jjeriod  was  one  of  great  activity.     In  1855  Hjorth*  patented  a  re- 
markable machine,  having  for  its  field-magnets  a  compound  arrange- 
ment of  permanent  magnets  to  provide  initial  currents,  and  electro- 
magnets to  be  excited  up  by  the  currents  generated  by  the  machine 
itself.     This  invention  did  not  however  come  into  any  use.     C.  W. 
Siemens*  in  1856  provisionally  patented  the  famous  shuttle-wound 
longitudinal  armature,  invented  by  Werner  Siemens.     In  1859,*  he 
made  the  suggestion  that  the  core  only  need  rotate,  the  coils  being 
fixed  in  grooves  in  the  pole-pieces  of  the  field-magnets;  this  being 
therefore  a  kind  of  "  inductor  alternator." 

So  far  the  whole  of  the  inventions  named  have  been  permanent 

^   See  Specification  of  Patent,  I3i302  of  1850.     See  also  Douglass  in  Proc. 
Insi.  Civil  Engin.^  Ivii.  1 87^-9. 

*  See  Du  Moncel'S  Exposi  des  Applications  de  V EUctricite^  i.  361.     Also  sec 
Le  Roux,  Bulletin  de  la  SocUti  (T Encouragement y  1868. 

*  See  Douglas,  loe,  cit.    Also  Specifications  of  Patents,  573  of  1856,  2060  01 
1868,  and  1774  of  1869. 

^  Specifications  of  Patents,  12,  295  of  1848,  2198,  2199  of  1854,  806,  807 
and  808  of  1855. 

*  Specification  of  Patent,  2017  of  1856.     See  W.  Siemens,  Pogg,  Anu,^  ci. 
271,  1857.  •  Specification  of  Patent,  512  of  1859. 
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magnet  machines,  with  the  exception  only  of  experimental  forms,  or 
machines  requiring  a  battery  to  excite  the  magnetism.  But  with 
the  years  1865  to  1867  the  era  of  the  commercial  dynamo  machine 
was  entered  upon.  From  1863  onwards  Mr.  H.  Wilde  carried  on 
a  noteworthy  series  of  researches, 
in  the  course  of  which  he  con- 
structed the  powerful  generator 
which  he  described  in  a  paper 
read  before  the  Royal  Society  in 
April  1866.'  The  machine  was  de- 
scribed ^  by  Brooke  as  follows  : — 
"Wilde's  magneto-electric  machine. 
A  machine  of  enormous  and  un- 
precedented power,  arising  from 
a  happy  combination  of  known 
facts  and  principles,  has  been  con- 
structed by  Mr.  Wilde  for  the 
purposes  of  illumination."^  In 
this  generator  a  Siemens'  arma- 
ture was  caused  to  revolve  be- 
tween the  poles  of  a  large  electro- 

,,,        ,    „  '"■  a,,  magnet,    which    was    excited    by 

Wjlde's  Generator,  1866.  ,      .  ,     ,     ,  ,, 

currents  furnished  by  a  small 
auxiliary  armature  revolving  be- 
tween small  permanent  magnets,  Wilde  carried  the  principle  of 
concatenating  machines  one  stage  further.  Starting  with  a  small 
magneto  Co  excite  the  electro-magnets  of  a  larger  machine,  he 
applied  the  currents  of  this  to  excite  the  field-magnets  of  a  third  and 
stilt  larger  machine.  Thus  while  the  permanent  magnets  of  the  little 
exciter  would  only  sustain  a  load  of  40  pounds,  the  large  electro- 
magnet of  the  third  machine  was  estimated  to  sustain  a  load  of 
25  tons.  The  currents  from  the  small  armature  were  incapable  of 
heating  to  redness  thin  iron  wire,  while  those  from  the  largest  arnui- 
ture  would  fuse  rods  of  iron  and  platinum,  and  produce  a  powerful 
arc  light.' 

There  is  no  doubt  that  the  method  of  using  a  small  machine 
10  excite  the  magnets  of  a  larger  machine  was  in  its  time  a  very 
important  invention. 

'  Prec.  Roy.  Sac.,  xv.  p.  107,  1866  ;  uid  Phil.  Trattt.,  dvii,  1867,  p.  89.    The 
machine  wM  a'-so  exhibited  at  the  Royal  Society  Soiree  in  March  1867. 
'  Nat.  Phil.,  p.  512,  1867. 

*  See  also  an  article  by  Crookes  on  Wilde's  magnelo-electric  machine  in  the 
Quarttrly  youmal  ef  Science,  Ocwlier  1866,  p.  503. 

*  See  Grove,  Cvrrelation  af  Phyiica!  F«riei  (1874),  p.  aoz. 


Historical  Notes.  15 

In  March  1867  Wilde  invented  and  patented  several  multipolar 
alternating  dynamo-electric  machines,  both  self  and  separately  ex- 
cited.  The  self-excitation  was  effected  by  diverting  through  a 
comniutator  the  currents  induced  in  one  or  more  of  the  armature 
bobbins.  Both  methods  found  wide  acceptance  in  their  commercial 
applications  by  him  to  the  electro-deposition  of  metals  from  their 
solutions,  to  the  electro-refining  of  copper,  and  to  the  production 
of  the  first  search-lights  of  many  of  the  battleships  of  the  British 
Navy.  Wilde's  chief  patents  ^  embody  the  essential  features  of  these 
and  various  subsequent  developments. 

In  1868  Wilde  discovered  a  further  property  of  the  magneto- 
electric  current  to  control  and  render  synchronous  the  rotations  of 
the  armatures  of  a  number  of  dynamo-electric  and  magneto-electric 
machines^:  in  fact  he  observed  and  announced  that  property  of 
alternators  to  synchronise  with  one  another  which  is  made  use  of  in 
the  p^arallel-ninning  adopted  in  every  large  generating  station  at  the 
present  time.  Dr.  Wilde's  own  account  of  hb  varied  contributions 
to  electrical  engineering  will  be  found  in  ^^  Journal  oi  the  Institution 
of  Electrical  Engineers,  vol.  xxix.  p.  3  (1899). 

A  quite  different  type  of  machine  was  suggested  independently  by 
Ritchie,*  by  Page,*  and  by  Dujardin,*  in  which  neither  field-magnet 
nor  armature  rotated;  the  coils  in  which  the  currents  were  to  be 
induced  were  wound  upon  polar  extensions  of  the  field-magnets,  and 
the  induction  was  produced  by  rotating  in  front  of  them  pieces  of  soft 
iron,  which  set  up  rapid  periodic  variations  in  the  magnetic  field. 
Machines  on  this  "inductor"  principle  were  later  devised  by 
Henley,  Wheatstone,  Wilde,  Holmes,  Sawyer,  by  the  author  of 
this  work,  and  then  by  Kingdon,  Mordey,  Stanley,  Elihu  Thomson, 
Dobrowolsky  and  many  recent  makers. 

The  principle  of  using  the  whole  or  part  of  the  machine's  own 
currents  to  excite  the  requisite  magnetism  of  its  field-magnets  became 
gradually  recognised.  As  mentioned  above,  Brett,  Sinsteden,  and 
Hjorth  had  all  hinted  at  this  principle.  In  1858,  Johnson,*  patent 
agent  for  a  foreign  inventor,  states,  "  It  is  proposed  to  employ  the 
electromagnet  in  obtaining  induced  electricity,  which  supplies  wholly 
or  partially  the  electricity  necessary  for  polarizing  the  electromagnets, 
which  electricity  would  otherwise  be  required  to  be  obtained  from 

1  Specifications  Nos.  516  and  3006  of  1863,  2762  of  1865,  and  S42  of  1867. 

«  Phil.  Mag,,  Jan.  1869  ;  Ann,  Chim,  Phys.^  xvi.  1869. 

»  Phil.  Mag,  [3]  X.  280,  1837.  *  AnncUs  of  Electricity^  489,  1839. 

*  Camples  Rendus,  xvitL  837,  1844  ;  xxi.  528,  892,  1S81. 

•  Specification  of  Patent,  2670  of  1858. 
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batteries  or  other  known  sources."  In  July  1866,  Murray^  stated 
that  he  had  connected  in  series  with  the  armature  some  coils  wound 
on  the  field-magnets  of  his  magneto  machine,  and  recommended  the 
adoption  of  this  plan.  In  October  1866,  Moses  G.  Farmer^  of  Con- 
necticut wrote  to  Wilde  describing  his  success  in  winding  main 
circuit  coils  upon  the  field-magnets  of  his  machine,  so  as  to  cause 
it  to  excite  its  own  magnets.  In  November  1866,  Baker  ^  stated 
that  the  secondary  currents  from  the  revolving  magnets  might  be 
applied  to  magnetize  the  fixed  magnets.  In  December  of  the 
same  year  C.  and  S.  A.  Varley*  filed  a  Provisional  Specification 
for  a  machine  having  electromagnets  only.  Other  machines  were 
patented  by  the  same  inventors  in  June  1867,  and  another  by 
O.  and  F.  H.  Varley  in  1869.  The  electromagnets  of  the  1867 
machine  were  wound  with  two  separate  circuits,  supplied  alternately 
with  currents  from  two  commutators  which  received  the  currents 
from  two  separate  pairs  of  coils.  Mr.  S.  A.  Varley  continued,  in 
1868  and  187 1,  to  patent  magneto-electric  generators.  In  1876 
he  returned  to  the  self-exciting  method,  employing  a  multiple 
armature  in  which  the  principle  was  applied  of  cutting  out  each 
coil  in  succession  during  the  rotation.  In  this  machine  also  there 
were  two  windings  on  the  field-magnets,  one  of  greater  resistance 
than  the  other,  both  of  which  were  led  to  the  lamp,  the  circuit  of 
greater  resistance  being  always  closed.  It  was  not,  however,  clear 
that  this  method  of  double  winding  was  what  is  now  understood 
as  "compound  winding,"*  until  such  was  laid  down  with  legal 
authority  by  a  Scotch  judge  fifteen  years  later.  Returning  to 
the  self-exciting  principle,  we  find  that  on  January  17th,  1867, 
Dr.  Werner  Siemens'  described  to  the  Berlin  Academy  a  machine 
for  generating  electric  currents  by  the  application  of  mechanical  power, 
the  currents  being  induced  in  the  coils  of  a  rotating  armature  by 
the  action  of  electromagnets  which  were  themselves  excited  by  the 
currents  so  generated.  In  this  machine  also  initial  permanent 
magnetism  was  to  be  given  by  sending  a  preliminary  current  through 
the  coils  from  a  battery.     To  mark  the  significance  of  this  departure 

*  See  Engineer^  p.  42,  July  20,  1866. 

*  Proc.  Lit,  and  Phil.  Soc.  0/ Manchester,  vi.  107. 

*  Specification  of  Patent,  3039  of  1866. 

*  Specification  of  Patent,  3394  of  1866.  Other  Varley  Specifications  are  1755 
of  1867,  315  of  1868,  131  and  1 150  of  1871,  4905  of  1876,  270  and  4435  of  1877, 
4100  of  1878. 

*  See  Phil.  Mag.  [4]  xlv.  439,  1873. 

*  Berliner  Berichte^  Jan.  1867  ;  ^^o^-  ^oy-  Soc.,  Feb.  14,  1867  ;  Specification 
of  Patent,  261  of  1867  j  and  Pogg.  Ann.,  cxxx.  332,  1867. 
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from  the  then  accepted  types  of  magneto-electric  machine,  Siemens 
coined  the  term  dynamo-eUcfrisdu  Maschine  to  describe  his  self- 
exciting  machine,  though  the  word  does  not  appear  in  his  paper  of 
that  date  as  printed.  On  the  same  day  that  this  discovery  was 
announced  to  the  Royal  Society,  February  14th,  1867,  a  paper  was 
read  by  Sir  C.  Wheatstone,'  making  an  almost  identical  suggestion  ; 
but  with  this  difference,  that  whilst  Siemens  proposed  that  the  exciting 
coils  should  be  in  the  main  circuit,  in  series  with  the  armature  coils, 
Wheatstone  proposed  that  they  should  be  connected  as  a  shunt.  A 
self-exciting  machine  without  permanent  magnets  had  indeed  beeti 


Fig.  7. — pAcrKOTTi's  Machine,  with  Ring  Armaturb. 

constmcted  for  Wheatstone  by  Mr.  Stroh  in  the  summer  of  1866. 
In  1867  Ladd^  exhibited  a  self-exciting  machine  having  two  shuttle- 
wound  armatures,  a  small  one  to  excite  the  common  held-magnet,  a 
large  one  to  supply  currents  for  electric  light.  In  accordance  with  the 
nomenclature  introduced  by  Brooke,  this  became  known  as  a  dynamo- 
magtuto^Uctric  machine.     (See  footnote  to  p.  i  supra.) 

Meantime  the  question  of  procuring  continuous  currents,  with  less 
fluctuation  in  their  strength,  had  come  up,  and  had  received  from 
Pacinotti  '  an  answer  which,  though  it  fell  into  temporary  oblivion,  is 
now  recognised  as  of  great  merit.     He  devised  a  machine,  first  de- 

i.  S44,  ff67. 
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scribed  in  1864,  having  as  its  armature  an  electromagnet  in  the  form 
of  a  ring,  the  core  consisting  of  a  toothed  iron  wheel,  between  the 
teeth  of  which  the  coils  were  wound  in  sixteen  separate  sections.  He 
denominated  this  a  "  transversal  electromagnet."  The  coils  being 
joined  up  in  a  closed  circuit,  if  at  any  point  a  current  was  introduced, 
it  flowed  both  ways  through  the  coils  to  some  other  point  where  it  was 
taken  off  by  a  return  wire.  By  the  device  of  leading  down  connections, 
at  sixteen  different  points  around  the  ring,  to  sixteen  insulated  pieces  of 
metal  arranged  as  a  commutator,  it  was  possible  to  cause  magnetic  poles 
to  appear  in  the  ring  at  any  desired  points.  The  principle  of  winding 
a  continuous  coil  in  separate  symmetrical  sections  around  a  ring,  or 
other  figure  of  revolution,  was  independently  invented,  in  1870,  by 
Gramme,^  whose  ring  had  no  teeth,  and  was  entirely  overwound  with 
wire.  By  winding  an  armature  with  a  number  of  such  symmetrically 
grouped  coils  which  pass  successively  through  the  magnetic  field, 
currents  can  be  obtained  that  are  practically  steady.  The  introduc- 
tion of  the  Gramme  armature  was  at  once  recognised  as  marking  an 
important  step,  and  it  gave  a  fresh  impetus  to  invention.  Innumerable 
forms  have  been  given  to  the  Gramme  machine  at  different  dates 
since  its  appearance  in  1871,  varying  from  small  laboratory  machines 
with  permanent  steel  magnets,  to  large  machines  absorbing  several 
hundred  horse-power.  Fig.  8  depicts  the  "  A  "  Gramme  of  about 
3  kilowatts,  which  came  into  the  market.  Those  who  desire  more 
detailed  information  concerning  the  various  patterns  of  Gramme 
dynamo  should  consult  the  earlier  editions  of  this  work,  in  which  a 
number  of  forms  ^  were  described.  They  should  also  refer  to  the 
treatise  of  the  late  Alfred  Niaudet,  entitled  Machines  electriqnes 
d  courants  continus^  systhnes  Gramme  et  congknlres  (1881).  Fig.  8 
shows  the  ordinary  "  A "  Gramme,  the  first  pattern  which  came 
into  commercial    use,   and  of  which,   with    little   alteration  of  the 

*  Comptes  Rendus^  Ixxiii.  175,  1871,  and  Ixxv.  1497,  1872 ;  and  Specification 
of  Patent,  1668  of  1870. 

*  Amongst  these  are  the  improved  forms  designed  by  M.  Marcel  Deprez,  those 
designed  by  Mr.  Hochhausen,  and  those  made  by  the  Fuller  Company  of  New- 
York  ;  Mr.  Wood,  of  New  York,  has  also  perfected  the  design  in  many  details. 
Other  modifications  have  been  made  by  M.  Raffard,  by  MM.  Sautter  Lemonnier 
and  Co.,  and  by  other  French  engineers ;  of  these,  some  account  is  given  in 
IttdnstHfSt  Nov.  5th,  1886.  For  an  account  of  Gramme's  historical  exhibit  in  the 
Paris  Exposition  of  1889,  see  Industries^  vii.  285,  1889.  Consult  also  the  work 
entitled  Eclaira^e  EUctrique^  by  H.  Fontaine,  upon  the  electric  lighting  of  the 
Paris  Exposition,  published  in  1890.  A  slow-speed  machine  of  multipolar 
type,  designed  by  Gramme  in  1892,  with  flat-ring  on  the  Schuckert  plan,  is 
described  at  p.  838  of  the  French  edition  of  this  book  translated  by  M.  Boistcl. 
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design,  many  examples  remain  in  use  to-day.  Its  characteristic 
features  are  the  ring-armature,  made  of  an  iron  wire  core  entirely 
overwound  with  coils,  and  the  double-circuit  field-magnet  having 
consequent  poles  above  and  below  the  armature.  In  1873  von 
He&ier  Alteneck'  modified  the  longitudinal  shuttle  armature  of 
Siemens  by  fashioning  it  as  a  drum  covered  with  windings  spaced  oul 
at  symmetrical  angles  to  secure  the  same  advantage  of  continuity ; 
and  Lontin*  in  1874  sought  to  perform  a  like  transformation  upon 
an  armature  with  radiating  poles. 


Fig.  8.— Gramme  Dynamo,  ".\"  Pattkkn, 

Siemens'  dynamos  originated  with  Messrs.  Siemens  and  Halske, 
of  Berlin,  who  manufactured  many  different  forms.  Some  divergence 
developed  itself  between  the  types  followed  in  Berlin  and  those  pio- 
duced  by  the  London  firm  of  Siemens  Bros.  Until  about  i8go  the 
characteristic  feature  of  all  forms  was  the  drum-armature  ;  but  the 
largest  Berlin  machines  have  been  made  with  rings.  In  some  of  the 
earlier  patterns  of  Siemens'  machines  the  cores  of  the  drum  were  of 
wood,  over-spun  with  iron  wire  circumferentially  before  receiving  the 

'  Speciflcalioii  of  Patent,  zooi  of  1873.  A  similar  suggestion  had  been 
ttuowo  out  the  previous  yeai  by  Worms  de  Romilly. 

'  Specificalion  of  Patents,  473  of  1175,  386  and  3264  of  1876. 
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longitudinal  windings.  In  another  of  their  machines  there  was  a 
stationary  iron  core,  outside  which  the  hollow  drum  revolved  ;  in  other 
machines,  again,  there  was  no  iron  in  the  armature  beyond  the  driving- 
spindle.  The  original  horizontal  pattern  of  Siemens' dynamo  is  depicted 
in  Fig.  9.  This  was  followed  about  1880  by  a  vertical  form.  About  the 
year  1882  various  ways  of  compound-winding  were  tried,'  in  some  of 
which  the  series  and  shunt-coils  were  wound  on  the  same  cores,  and 
in  others  on  different  limbs,  the  usual  practice  being  to  wind  the 
series-coils  outside  the  shunt  windings.  Some  large  machines  of 
his  vertical  pattern,  including  three  112-kilowatt  compound -wound 


dynamos,  were  used  at  the  Inventions  Exhibition  of  1885.  In  1886 
Messrs.  Siemens  and  Halske,  after  tr>'ing  some  intermediate  forms 
(depicted  in  former  editions  of  this  book),  adopted  for  outputs  of 
from  1  to  80  kilowatts  the  "  over  "  type,  with  field-magnet  consisting 
of  a  single  massive  casting.  The  commutators  were  of  iron  bars 
attached  by  screws  at  one  end  only,  so  as  to  be  replaceable,  and 
insulated  by  air-gaps.  The  London  firm  has  constructed  many  large 
drum  machines  for  central-station  lighting,  mainly  of  the  "  under  " 

1  the  EieklreltcAHiichi ZfilstAri/t,  March-June,  1S85, 
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Ijpe.  Fig.  10  represents  one  of  these  machines,  compound-ffound, 
with  the  series  winding  on  one  limb  only.  At  ihe  Naval  Exhibition 
of  1891  were  shown  three  fine  dynamos  of  180  kilowatts  each,  at 
the  slow  speed  of  350  revolutions  per  minute.  The  armature  was 
14  inches  in  diameter,  36  inches  long,  and  weighed  3-4  tons;  the 
entire  dynamo  weighed  I3'6  tons.  The  armature  conductors  were 
stranded  bars  ;  the  commutator  of  hard-drawn  copper,  insulated  with 
mica,  with  144  segments,  9  inches  long,  with  three  pairs  of  brushes 
to  collect  the  1500  amperes.  The  rocker  is  provided  with  worm- 
wheel  to  adjust  the  proper  lead.  There  are  two  independent  circuits 
of  72  turns  each,  which  are  put  in  parallel  with  one  another  by  the 


Fig.   10. — Siemens'  Dynamo  (London  type  of  1M90). 

brushes,  which  are  made  broad  enough  to  overlap  three  consecutive 
bars  of  the  commutator. 

Towards  the  end  of  1886  a  form  of  multipolar  ring  machine, 
with  ring  external  to  the  field-magnets,  was  brought  out  almost 
simultaneously  by  Messrs.  Ganz  of  Buda-Pesth.  Messrs.  Fein  of 
Stuttgart,  and  by  Messrs.  Siemens  and  Halske  of  Berlin.'  It  will  be 
sufficient  to  describe  the  machines  of  the  latter  firm. 

The  field-magnet  is  stationary  and  internal  to  the  ring.     In  the 

'  For  further  information  about  ihe  various  machines  of  this  type  see  Eleklro- 
lakmschi  Zeilakn/t  for  April  and  May,  1887  ;  La  Lumiire  £l/clriqttr,  miv.  tSl, 
1887;  Cnttatblalt Jut  Eleklroteehnik,  n.  1S6,  410,  and  581,  1887,  and  the  Official 
Report  of  the  Frankfort  Eihibilion  of  1S91. 
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small  machines  this  consists  of  a  substantial  cross-shaped  mass  of 
cast  iron,  through  the  centre  of  which  passes  the  driving-shaft.  The 
four  poles,  after  receiving  the  exciting  coils,  are  furnished  with  polar 
expansions,  which  approach  close  to  the  inside  of  the  ring.  The 
ring  core  is  made  up  of  thin  iron  washers  bolted  together,  and  is 
overhung,  being  supported  on  one  side  by  a  brass  spider  keyed  to 
the  shaft.  The  advantages  of  this  type  are  the  ease  of  repair,  the 
immense  cooling  surface  of  the  armature,  and  the  non-necessity  of 
applying  binding- wires.  In  the  larger  machines  the  brushes  are 
applied  against  the  exterior  of  the  ring  itself,  with  the  result  that  the 
most  noticeable  feature  of  the  machine  is  the  enormous  commutator 
and  the  huge  star-shaped  brush-holder  which  supports  the  various 
sets  of  brushes  (see  Plate  XXV.)  In  the  central  stations  of  Berlin 
and  other  German  cities  these  large  dynamos  arft  combined  with 
huge  engines  of  the  marine  type,  the  whole  having  a  very  imposing 
appearance. 

At  the  Paris  Exhibition  of  1900  Messrs.  Siemens  Bros,  showed  a 
i6-pole  1570  kilowatt  machine  running  at  200  revolutions  per  minute. 

Gramme  and  Siemens  both  devised  many  special  forms  of 
machines,  some  furnishing  alternating  currents,^  others  continuous 
currents.  The  alternate-current  generators  required,  of  course,  to  have 
their  field-magnets  separately  excited  by  means  of  continuous  currents 
from  an  auxiliary  'exciter.*  Bertin  in  1875,  Brush  in  1879,  and 
Siemens,*  in  1880,  revived  the  method  of  shunt- winding. 

In  1878  Pacinotti^  devised  a  kind  of  armature  in  which  the 
conductors  took  the  form  of  a  flat  disk  or  fly-wheel.  About  the 
same  time  SChuckert,  of  Niimberg,  began  to  manufacture  a  modified 
Gramme  machine,  having  a  discoidally  flattened  ring  armature,  into 
which  the  magnetic  lines  entered  flank-wise.  A  very  similar  type 
was  independently  developed  by  Giilcher.  Brush*  also  introduced 
his  famous  dynamo  embodying  the  principle  of  open-coil  working. 
He  also  introduced  the  simultaneous  use  of  a  shunt  and  a  series 
winding  for  the  purpose  of  enabling  the  machine  to  do  either  a  large 
or  small  amount  of  work,  without  causing  too  great  a  variation  of 
voltage.  Another  open-coil  machine  was  introduced  in  1880  by 
Elihu  Thomson  and  E.  J.  Houston,^  of  Philadelphia.  About  the 
same  time  Weston^  devised  several  forms  of  dynamo,  and  in  par- 

^  Specification  of  Patents,  Gramme,  953  of  1878  ;  Siemens,  3134  of  1878. 

*  Phil,  Trans.t  March  1810. 

*  Nuovo  Cimento  [3]  i.i88i.  *  Specification  of  Patent,  2003  of  1878. 

*  Specification  of  Patent,  315  of  1880. 

*  Specifications  of  Patents,  4280  of  1876,  1614  and  2194  of  1882. 
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ticular  developed  shunt-wound  machines  having  drum  armatures  with 
toothed  core-disks.  Many  other  American  inventors  produced  dy- 
namos, amongst  them  Edison,^  who  began  in  1878,  with  a  machine 
in  which  the  motion  was  oscillatory  instead  of  rotator}',  a  device 
which  had  been  tried  by  Dujardin  ^  in  1856,  by  Siemens^  in  1859, 
by  Wilde*  in  1861,  and  abandoned.  Edison  himself  abandoned 
it  in  1879  for  a  form  of  machine  having  a  modified  Hefner-Alteneck 
armature  and  an  elongated  shunt-wound  electromagnet.  With  the 
assistance  of  Mr.  Upton,  he  designed  the  bipolar  machine  depicted 
in  former  editions  of  this  work.  It  had  a  Siemens*s  drum-armature 
rotating  between  heavy  pole-pieces  excited  by  a  very  long  magnet 
with  tall  colunmar  limbs.  An  Edison  60-light  machine  of  this  older 
pattern,  tested  by  the  Committee  of  the  Munich  Exhibition,  was 
found  to  give  an  electrical  efficiency  exceeding  87  per  cent. ;  but  its 
commercial  efficiency  was  only  58  •  7  per  cent.  This  was  due  to  the 
production  of  wasteful  eddy-currents  in  the  bolts  which  held  together 
the  armature  and  in  other  masses  of  metal.  Edison's  large  "  Jumbo  " 
steam  dynamos  were  even  less  efficient,  and  required  a  fan  to  be 
attached  to  the  armature  shaft  to  keep  them  cool  by  a  forced  draught 
of  air. 

The  field-magnets  of  all  the  larger  machines  turned  out  by  Edison 
prior  to  1884  had  a  number  of  long  iron  columns  as  cores  to  receive 
the  coils.  After  that  date,  in  consequence  of  the  researches  of 
Dr.  John  Hopkinson,  the  more  compact  arrangement  of  a  single 
magnetic  circuit  with  short  stout  magnets  was  adopted  by  the  Edison 
companies  on  both  sides  of  the  Atlantic.  The  1888  type  of  bipolar 
Edison  dynamo,  as  used  in  the  States,  is  depicted  in  Fig.  11.  These 
field-magnets  are  of  cast  iron,  with  a  massive  yoke,  and  stand  upon  a 
high  footstep  of  zinc  to  diminish  short-circuiting  through  the  bed- 
plate. These  machines  are  shunt-wound,  and  are  intended  for  incan- 
descent lighting  work.  The  bearings  are  longer  and  the  mechanical 
arrangements  in  every  way  supeiior  to  those  of  the  older  machines. 
At  the  Paris  Exhibition  of  1889  were  a  number  of  these  bipolar 
dynamos  built  by  the  Edison  Machine  Company,  of  Schenectady, 
ranging  from  a  small  2j-kilowatt  machine,  30  inches  high,  to  one  of 
150  kilowatts,  8^  feet  high.  Drawings  of  these  machines  were  given 
in  earlier  editions  of  this  book. 

*  Specifications  of  Patents,  4226  of  1878,  2402  of  1879,  1240  and  2954  of  1881, 
and  2052  of  1882. 

*  See  Du  Moncel's  Exposi  des  Applications^  i.  p.  372. 
'  Specification  of  Patent,  512  of  1859. 

*  Specification  of  Patent,  924  of  186 1. 
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Though  this  type  has  been  obsolete  since  1895,  it  was  exceedingly 
successful,  being  of  excellent  mechanical  construction. 

Returning  to  the  year  1881,  the  Paris  Exhibition  marked  great  pro- 
gress in  electrical  engineering  in  general.  The  same  year  saw  a  revival 
of  alternate-current  machines  in  the  forms  devised  by  Lord  Kelvin  ' 
(and  independently  by  Ferranti)  and  Gordon,^  the  latter  of  whom 
constructed  large  two-phase  generators. 

About  this  time  multipolar  dynamos  began  to  come  into  favour, 
the  multipolar  drum  armature  introduced  by  Lord  Elphinstone  *  and 
Mr.  Vincent,  and  the  multipolar  ring,  independently,  by  Schuckert, 
Gramme,  Gulcher,  and  Mordey.'     Lord   Elphinstone   in  particular 


Fig.  II.— Edison  Dynamo  (:Sl«S  Type). 

drew  attention  to  the  importance  of  perfecting  the  magnetic  circuit, 
though,  for  purely  mechanical  reasons,  his  machine  soon  became 
obsolete.  Hopkinson"  showed  how  greatly  the  performance  of  a 
dynamo  was  improved  by  shortening  and  making  more  compact  its 
magnetic  circuit ;  whilst  Crompton.*  amidst  a  number  of  improvements 
in  detail,  showed  the  advantage  of  increasing  the  cross-section  of  iron 
in  the  armature  core.     He  brought  the  smooth-core  armature  to  a 

'  Specification  of  PaunI,  5668  of  iSSi. 

'  Specifications  of  Palents.  5536  of  18S1  aaci  2S71  of  iSSz. 

'  Specifications  of  Falents,  332  of  1S79,  and  2893  of  t38o. 

*  Specification  of  Patent,  400  of  1SS3. 

*  Specification  of  Patent,  973  of  1S83. 

*  Specifications  of  Patents,  2618  and  4810  of  1S82,  and  4101  of  1884. 
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high  pitch  of  perfection.  A  complete  account  of  Mr.  Crompton^s 
successive  stages  of  improvements  *  would  occupy  a  volume  in  itself. 
Besides  the  improvements  made  in  conjunction  with  Mr.  Kapp  on 
general  design,  and  more  favourable  use  of  iron  -n  the  armature,  a 
number  were  made  in  conjunction  with  Mr.  Swinburne  on  various 
modes  of  winding,  and  on  machines  with  conductors  embedded  in 
the  core-disks.  He  adopted  driving-horns  of  delta-metal  or  aluminium 
bronze,  fitted  into  the  substance  of  the  laminated  core.  Then  came 
the  production  of  imbricated  and  compressed  stranded  conductors 
to  obviate  eddy-currents ;  and  lastly,  the  adoption  of  multipolar 
series  windings  for  drum-armatures.  With  large  4-pole  machines  for 
central-station  lighting  Messrs.  R.  E.  Crompton  and  Co.  had  great 
success.  The  construction  of  some  of  their  armatures  was  described 
in  earlier  editions  of  this  work. 

Notable  amongst  the  engineers  who  contributed  to  progress  in 
dv-namo  design  in  the  years  from  1880  to  1890,  were  the  brothers 
J.  and  E.  Hopkinson,  Mr.  W.  M.  Mordey,  Mr.  Gisbert  Kapp, 
Mr.  C.  E.  L.  Brown.  The  theoretical  researches  of  Dr.  John 
Hopkinson,  his  introduction  of  the  conception  of  the  characteristic 
cuH'e,  and  his  rational  method  of  calculation  of  magnetic  circuits, 
are  dealt  with  elsewhere.  The  firm  of  Mather  and  Piatt,  who  con- 
structed dynamos  on  the  designs  of  the  Hopkinsons,  brought  out 
not  only  the  modified  Edison-Hopkinson  dynamo,  but  also  the 
"  Manchester  "  dynamo',  a  modified  Gramme  machine.  Dr.  J.  Hopkin- 
son improved  the  original  bipolar  Edison  machine  by  making  the 
magnetic  circuit  more  compact,  and  by  reconstructing  the  armature 
with  cores  of  larger  section  and  better  mechanical  constniction. 
In  the  older  construction,  the  bolts  and  their  attached  end-pieces 
furnished  a  circuit  in  which  idle  currents  were  constantly  running 
wastefully  round,  with  consequent  heating  and  loss.  Dr.  Hopkinson 
also  introduced  the  improvement  of  winding  the  magnets  with  a 
copper  wire  of  square  section,  wrapped  in  insulating  tape.  The  wire 
packs  more  closely  round  the  iron  cores  than  an  ordinary  round  wire. 

A  remarkably  complete  account  of  one  of  these  dynamos,  con- 
structed by  Messrs.  Mather  and  Piatt,  was  published  in  1886.'-*     As 

'  See  remarks  by  Mr.  Cromptr-n  in  Proc.  Inst.  Civil  Engifuers,  Ixxxiii.  125, 
*^5 ;  Journal  Soc,  Tekg.  Engineers,  xv.  546,  1886 ;  and  Journal  Inst.  EUc. 
tngiufers,  xix.  239,  1890,  and  xx.  308,  1891. 

"  See  paper  on  Dynamo-electric  Machinery^  by  Drs.  J.  and  E.  Hopkinson,  in 
the  Phihsof^hical  Transactions  for  1 886,  Part  I.  This  most  valuable  paper  was 
rq)rinted  in  the  Electrician,  xviii.  39,  '»3,  86  and  175,  in  issues  of  Nov.  19th  and 
26th,  and  Dec.  3rd  and  31st,  1886,  where  the  figures  of  the  plates  are  printed  in 
the  text.     It  is  reprinted  in  Dr.  Hopkinson's  Original  Fapersy  vol.  i.  p.  84. 


Dynamo-Eleciric  Machinery. 


Historical  Notes.  27 

this  machine  is  often  referred  to,  a  detailed  account  of  it  is  important 
Its  design  n^ay  be  gathered  from  Fig.  la. 

The  machine  described  is  intended  for  a  normal  output  of  330 
amperes  at  a  pressure  of  105  volts,  running  at  750  revolutions  per 
minute.  The  field-magnet  consists  of  two  limbs  connected  by  a  yoke 
of  rectangular  section.  Each  limb,  together  with  its  pole-piece,  is 
fonned  of  a  single  forging.  The  wrought  iron  used  for  these  and  the 
Foke  is  of  annealed  hammered  scrap ;  the  magnetic  properties  being 
those  described  in  Chapter  IV.  The  section  of  the  limbs  is  nearly 
rectangular,  with  rounded  comers.  The  yoke  is  bolted  to  the  limbs, 
the  joints  being  well  surfaced.  The  bed-plate  is  of  iron,  a  zinc  base 
11-7  cm.  high  being  interposed.     The  armature  core  is  built  up  of 


Fio.  13.— "  Manchester  "  Dv.vamo  (End  Elevaiion). 

about  1000  thin  plates  of  soft  wrought  iron,  insulated  from  the  shaft, 
and  separated  by  paper  from  one  another.  They  are  held  between 
two  end-plates,  one  of  which  is  secured  by  a  washer  shrunk  on  the 
shaft,  and  the  other  by  a  screw-nut  and  lock-nut. 

The  following  are  the  dimensions  of  the  iron  parts :— Diameter  of  armature 
EDTC,  24'4  cm. ;  of  inlemal  hole,  7'6z  cm.  ;  of  shaft,  6'9S  cm.;  length  of  core- 
50-S  cm.  Lenglh  of  field -magnet  limb,  45-7  cm.;  breadth,  ai"!  cm.;  width 
'parallel  to  shaft),  44'45  cm.  Length  of  yoke,  6i'6  cm.;  width,  48'3  cm.  ; 
depth,  23-2  cm.  Diameter  of  bore  of  field-magnets,  27-5  cm, ;  depth  of  pole, 
fiieee,  25'4  cm.  ;  width  (parallel  to  shaft),  43"3  cm.  ;  width  between  pole-pieces, 

tended  bj  bored  face  of  pole-pieces,  129°.  .Actual  area  of  pole-piece,  1513  .sq.  cm., 
effectiTc  area,  1600  sq.  cm.  Thickness  of  gap  space,  I  ■  S  cm.  Area  of  section  of 
limb<,  9S0  sq.  cm. ;  ditto  of  yoke,  1120  sq.  era. 
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The  windings  aic  M  (oliawx:  Magnetizing  coils,  II  Isreis  on  eadi  limb  of 
ooppcr  u-ire,  1'4I3  mm.  diameter.  Total  convolotioos,  3160;  toUl  length, 
4S70  metres.  Anniture,  Jo  convoluiions  in  two  layers  o(  3o  cooTolutioiu  of 
stranded  copper  wire,  consisting  uf  16  strands  of  inre  I'75J  mm.  diameter. 
Resistance  {at  I3'5°  C.) :  field-magnet,  l6'9j  ohms  ;  armature,  0*0009947  ohm. 
Normal  magnetiung  current,  6  amperes,  Commntalor,  40  copper  tars  insnlated 
with  mica.     The  machine  had  a  commercial  elfi-jieDc|r  orer  93  per  cent. 


—Brown's  4.poi.e  Dynamo  | 
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Fig.  13  dejjicts  the  "Manchester"  djiiamo,  designed  by  Dr.  E. 
Hopklnson.  Its  compact  field-magnet  had  wrought-iron  cores  with 
massive  cast-iron  yokes. 

Mordey's  dynamos  were  manufactured  by  the  Brush  Electrical 
Engineering  Company,  the  makers  of  the  Brush  arc-lighting  machine. 
The  development  by   Mr.    Mordey  of  the  "Victoria"  machine,   a 
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4pole  flat-ring  machine,  from  the  original  Schuckert  machine  com- 
menced with  the  discovery  (by  the  aid  of  his  method  of  examining 
[he  distribution  of  potentials  round  collectors),  that  by  reducing  the 
its  of  the  pole-pieces  to  make  space  for  a  4-pole  field,  the  electrical 
output  was  doubled,  without  increase  of  speed,  when  using  the  same 
ring  as  employed  by  Schuckert  with  a  two-pole  field.    The  pole-pieces 
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in  the  earlier  Schuckert  machines  consisted  of  hollow  iron  shoes  or 
cases  which  occupied  a  large  angular  breadth  along  the  circumference 
of  the  ring.  The  Mordey- Victoria  machine  had  a  narrower  form  of 
pole-piece,  not  covering  more  than  35°  of  angular  breadth  of  the 
drcumference  of  the  armature.  The  pole-pieces  were  of  cast  iron 
shnink  upon  the  cylindrical  cores  of  soft  wrought  iron  which  received 
ibe  coils.     The  armature  was  built  up  of  charcoal  iron  tape,  coiled 
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upon  a  strong  foundation  ring,  contact  between  successive  layers 
being  prevented  by  coiling  paper  between.  Illustrations  of  these 
machines  were  given  in  earlier  editions  of  this  book. 

Mr.  C.  E.  L.  Brown,  as  chief  electrical  constructor  of  the  Oerlikon 
Works  down  to  1892,  introduced  many  admirable  engineering  features 
into  the  construction  of  continuous-current  machines,  beside  all  the 
pioneering  work  which  he  subsequently  achieved  in  alternate-current 
engineering.  In  the  former  editions  of  this  work  a  Plate  was  given 
of  a  massive  bipolar  machine  having  an  armature  with  closed  slots, 
designed  by  Mr.  Brown.  Figs.  14  and  I4^7  depict  a  historical  type, 
two  of  them  being  shown  at  the  Paris  Exhibition  of  1889,  transmitting 
240  H.P.,  one  working  as  generator,  the  other  as  motor.  Their 
admirable  construction  won  great  attention  at  the  time.  They  stood 
nearly  8  feet  high,  and  when  running  at  500  revolutions  per  minute 
dehvered  270  amperes  at  625  volts.  They  were  ring-wound,  with 
smooth  core-disks;  resistance,  brush  to  brush,  0*02^  ohm;  commu- 
tator, 200  parts.  Field-magnet  coils  in  series  with  armature  were 
each  wound  with  60  turns  of  i  mm.,  copper  sheet  30  cm.  in  width. 
Weights  were  as  follows: — Frame  and  magnet  cores  11,600  kilos, 
armature  iron  1430,  armature  copper  232,  armature  complete  2420, 
magnet  copper  1370.  Total  weight  of  complete  machine,  15,700 
kilos,  or  nearly  1 6  tons.  Commercial  efficiency  at  full  load  93-94 
per  cent.  With  Brown  originated  the  vertical-shaft  pattern  of 
dynamo  adapted  to  be  driven  by  a  water  turbine,  the  method  of 
barrel-winding  of  armatures,  and  a  host  of  other  features  now  in 
general  use. 

Simultaneously  with  these  improvements  in  the  continuous-current 
dynamo,  developments  of  no  less  importance  were  taking  place  in 
the  design  and  construction  of  alternators.  The  achievements  of 
Ferranti,  Mordey,  Ganz,  Brown,  Dobrowolsky  and  Westinghouse  in 
particular  claim  attention. 

Mordey  introduced  a  notable  departure  in  the  use  of  the  single 
compact  magnetic  circuit  with  branching  poles,  thus  favouring  the 
use  of  a  revolving  field-magnet.  Brown  carried  the  development 
one  stage  further  by  the  introduction  of  the  imbricated  pattern  of 
field  magnets.  To  Brown  and  the  Oerlikon  Company,  to  Dobro- 
wolsky and  the  Allgemeine  Electricitats-Gesellschaft  of  Berlin,  and 
later  to  Brown,  Boveri  and  Company,  are  due  a  list  of  improvements 
in  the  methods  of  armature  construction.  Ganz  and  Co.  were  early 
in  the  field  with  alternators  constructed  entirely  of  laminated  iron  in 
both  field-magnet  and  armature  cores  ;  while  Zipernowsky  devised  for 
the  Ganz  Company  a  method  of  compounding  the  alternators.     The 
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advantage  gained  in  large  machines  by  the  fly-wheel  action  of  the 
heavy  revolving  masses  has  told  in  favour  of  this  type,  though 
practice  has  reverted  to  the  use  of  magnet  wheels  with  radial  poles, 
each  pole  being  separately  wound.  Polyphase  alternate-current 
generators  have  been  introduced,  chiefly  since  1891,  for  the  purpose 
of  furnishing  two  or  more  alternate  currents  differing  in  phase  from 
one  another ;  the  reason  for  these  machines  being  the  convenience 
of  distributing  power  by  alternate  currents  to  polyphase  motors.  At 
one  time  the  "  inductor  "  type  of  alternator,  having  no  copper  in  the 
moving  parts,  appeared  to  be  preferred :  but  since  1900  few  such 
have  been  made.  The  "  umbrella "  type  of  dynamo,  with  vertical 
driving  shaft,  was  introduced  by  Brown  for  turbine  service,  and  has 
been  used  in  many  very  large  machines.  The  largest  of  this  type 
in  use  are  the  two-phase  alternators  at  Niagara,  constructed  by  the 
Westinghouse  Co.,  chiefly  from  the  designs  of  George  Forbes.  The 
Exhibition  of  Frankfurt  in  1891  marked  the  serious  introduction  of 
polyphase  methods  for  the  transmission  of  power.  The  Paris 
Exhibition  of  1 900  was  chiefly  notable  for  the  disappearance  of  the 
bipolar  continuous-current  machine,  and  for  a  remarkable  develop- 
ment of  large  alternators  of  high  voltage.  Disk  armatures,  which 
were  introduced  by  Desroziers  and  by  Fritsche,  have  become  obso- 
lete. Special  methods  of  construction  to  facilitate  the  sparkless 
cpllection  of  large  currents  have  been  devised  by  Ryan,  W.  B.  Sayers, 
Mordey,  Fischer-Hinnen,  and  D^ri. 

The  theory  of  the  dynamo  dates  back  to  the  investigations  of 
VVeber*  and  of  Neumann^  respecting  the  general  laws  of  magneto- 
electric  induction,  followed  by  Jacob i's^  calculations  and  experiments 
respecting  the  performance  of  an  electric  motor,  by  Poggendorff"'s*  and 
Koosen's*  investigations  of  the  theory  of  the  Saxton  magneto-machine, 
and  by  the  researches  of  Lenz,®  Joule,'  Le  Roux,**  and  of  Sinsteden.* 
These  researches  were  followed  at  a  long  interval  by  those  of  Favre,^" 
followed  by  silence  for  twenty  years,  broken  only  by  the  pregnant, 

*  EldttrodynamUche  Maasbestimmungen  (1846). 
'  Berliner  BericktCy  p.  i,  1845;  and  p.  i,  1847. 

-  Pogg.  Ann.,  li.  370,  1840;  Ixix.  181,  1846;  and  Krdni^s  Journal ^  iii.  377, 
1851.     Also  Ann,  Ckim.  Phys.  [3]  xxxiv.  451,  1852. 

*  Pogg.  Ann.,  xlv.  390,  1838. 

*  Pifgg.  Ann.,  Ixxxv.  226  ;  and  Ixxxvii.  386,  1852. 

*  Pifgg.  Ann.,  xxxi.  483,  1834  ;  xxxiv.  385,  1835  ;  and  xcii.  128,  1854. 

'  Annals  0/  Electricity,  iv.  v.  1839-40;  P/til.  Mag.  [3]  xxiii.  263,  347  and 

435,  1843- 

*  Ann.  Chim.  Phys.  [3]  1.  463,  1857.         •  Pogg.  Ann.,  Ixxxiv.  181,  1851. 

'•  Comptes  Rendus,  xxxiv.  342,  1853;  xxxix.  1212,  1854;  xlvi.  337,  658,  1858. 
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but  almost  totally  forgotten,  little  paper  in  which  Clerk-Maxwell  ^  laid 
down  a  theory  for  self-exciting  machines.  On  the  revival  of  electric 
lighting  the  theory  of  the  dynamo  was  again  studied,  important  con- 
tributions being  made  by  Mascart,^  Hagenbach,^  von  Waltenhofen,* 
Hopkinson,*  Herwig,®  Meyer  and  Auerbach,^  and  Joubert.  The 
latter  founded  the  modern  theory  of  alternate-current  machines. 
Hopkinson®  devised  the  method  of  representing,  by  a  curve,  the 
relation  between  the  current  and  the  working  electromotive-force 
of  the  machine ;  such  curves,  under  the  name  of  "  characteristics,*^ 
subsequently  formed  the  basis  of  the  theoretical  researches  of  Marcel 
Deprez.^°  In  1880  FroHch"  began  a  series  of  investigations,  both 
experimental  and  theoretical,  that  led  to  equations  of  remarkable 
simplicity,  if  not  of  more  than  approximate  valu3,  and  in  1883 
Clausius,^^  adopting  Frolich*s  fundamental  expression  for  the  law  of 
the  electromagnet,  evolved  with  great  elaboration  a  theory  in  which 
all  the  various  secondary  effects  arising  in  generators  were  taken 
into  account — a  theory  which  he  later  extended  to  the  case  of  motors. 
Theoretical  considerations  led  Marcel  Deprez^^  in  1881,  to  the 
conclusion  that  a  dynamo  driven  at  a  certain  critical  speed  ought 
to  generate  currents  at  a  constant  potential  if  its  field-magnets  were 
provided  with  a  second  coil  to  furnish  from  a  battery  or  other  source 
an  independent  and  constant  auxiliary  excitation.  Perry  suggested 
the  more  general  solution  of  introducing  into  the  circuit  of  a  separately 
excited  or  magneto  machine,  a  series  dynamo  also  driven  at  a  constant 
speed,  to  give  the  additional  volts  needed  at  full  load,  to  com- 
pensate for  the  drop  of  voltage  which  would  otherwise  take  place. 
This  was  almost  immediately  followed  by  the  general  adoption  of 
the  so-called  compound  windings  for  the  purpose  of  obtaining  a  self- 


*  Proc.  Royal  Soc,^  Mar.  14,  1867  ;  and  PhiL  Mag.  [4]  xxxiii.  [474]  1867. 

*  Journal  de  Physiquey  vi.  204,  297,  1877;  and  vii.  89,  1878. 

*  Archives  des  Sciences  Physiques^  Iv.  225,  March  1876;  and  Pogg.  Ann., 
clviii.  599,  1876.  •   Wiener  Berichie^  Ixxx.  601,  1879. 

»  Proc.  Inst,  Mech,  Engineers ^  238,  1879 ;  and  266,  1880. 

*  Wied.  Ann,,  viii.  494,  1880.  '   IVied,  Ann.,  viii.  494,  1879. 

*  Ann.  de  t^cole  Normale,  x.  131,  1881  ;  and  Journal  de  Physique  [2]  ii. 
293,  1883.  '  •  Proc.  Inst.  Mech.  Engineers,  238,  1879. 

*o  Comptes  Rendus,  xcii.  1 152,  1881 ;  and  La  Lumiire  Alectrique,  xv. 
I,  1885. 

"  BerL  Berichte,  962,  1880 ;  Electrotechnisehe  Zeitschrift,  ii.  134,  170,  1881  ; 
vi.  128,  etc.,  1885 :  and  ix.,  Nov.  1888. 

"  Wied.  Ann.,  xv.  353,  1883 ;  xxi.  385,  1884 ;  Phil.  Mag.  [sJjxvii.  49  and 
119,  1884. 

"  La  Lumiire  £lectrique,  December  8,  188 1,  and  January  5,  1884. 
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regulating  dynamo,  this  advance  being  the  subject  of  conflicting  rival 
claims.^  The  term  compoimd  winding  is  due  to  Messrs.  Crompton 
and  Kapp. 

The  other  branch  of  the  subject,  that  of  the  electric  motor,  goes 
back  to  the  discovery  by  Faraday*  in  1821  of  electromagnetic  rota- 
rion,  and  the  invention,  in  1823,  by  Barlow  ^  of  his  rotating  wheel. 
The  earliest  electric  motors  in  which  the  principle  of  attraction  by  an 
electromagnet  was  applied  were  those  of  Henry,*  in  1831,  and  of 
Dal  N^o,*  in  1832,  and  these  were  followed  in  1833  ^^^  ^^34  by 
the  motors  of  Ritchie*  and  of  Jacobi,'  and  in  1837  by  that  of 
Davenport*  Many  other  inventors  devised  machines  of  this  kind, 
some  of  the  most  famous  being  Page  *  in  the  United  States,  Davidson  *• 
in  Scotland,  Wheatstone "  in  England,  Froment  ^*  in  France,  and 
Pacinotti  *^  in  Italy.     The  discovery  that  the  action  of  a  dynamo  is 

^  The  invention  of  the  "  series  and  shunt "  winding  is  claimed  for  several 
rivals.  Bmsh  undoubtedly  first  used  it  commercially,  but  whether  with  any 
knowledge  of  all  its  advantages  is  doubtful.  It  has  also  been  claimed  by 
Mr.  S.  A.  Varley  on  the  strength  of  the  machine  described  in  his  patent  spedfi- 
cation,  Na  4905  of  1876,  in  which  there  were  two  circuits,  of  different  resistance, 
both  having  coils  wound  on  the  field^magnets,  and  both  going  to  the  lamp.  He 
his  obtained  a  decision  in  the  law  courts  that  this  strange  arrangement  anticipated 
that  described  by  Bmsh.  Compound  winding  was,  however,  described  in 
1871  by  Sinsteden,  in  Pogg.  AnnaUn  [Supplement' Band ^  v.),  651.  It  was 
mentioned  as  having  some  advantages  by  Sir  C.  W.  Siemens  in  Philosophkal 
TransaeiioHs^  March  1880.  It  is  also  claimed  for  Lauckert  (see  note  by 
M.  Boistel,  page  100  of  his  translation  of  first  edition  of  this  work) ;  Paget  Higgs 
{EUetrical  Review^  xi.  280,  and  Electrician^  Dec  23,  1 8^2) ;  J.  W.  Swan,  see 
Bosanquet  («^.,  Dec.  9,  1882);  J.  Swinburne  {ib.^  Dec.  23,  1882);  S.  Schuckert 
<iS.,  Oct.  13,  1883).  It  is  claimed  in  America  by  Edison ;  and  it  has  been 
patented  by  Messrs.  Crompton  and  Kapp  (s^.,  June  9,  1883).  See  abo  Hos- 
pttslier  {V £lectrieien.  No.  20,  1882).  Students  should  also  consult  a  series 
of  articles  in  7^  Electrician,  vol.  x..  beginning  Dec  16,  1882.  by  Mr.  Gisbert 
Kapp.  Further,  they  should  see  a  paper  by  Dr.  Louis  Bell  in  the  Electrical 
IVifrU,  xvi.  383,  1891. 

*  Journal  of  Royal  Institution,  September  182 1. 

'  Barlow,    On  Magnetic  Attraction  (1823),  279 ;    and  Encyclopadia  Metro- 
poOiana  (1824),  iv.  art  Electromagfutism^  36. 

*  SaUman's  Journal,  xx.  340,  1831.     Also  Henry,  ScienHfic  WriHngs  (1886), 
i.  54.  ^  Annali  delle  Scienne  Lombardo-  Veneto,  March  1834. 

*  FkU.  Trans,,  1833  [2),  318.  '  VImtitut,  Ixxxu.  Dec.  1834. 

'  See  Annals  of  Electricity,  ii  1838  ;  Encyclopadia  Britannica,  (ed.  vii.)  art. 
YUtak  Electricity,  687. 

*  Silliman^s  Journal,  xxxiii.  1838 ;  and  [2]  x.  344  and  473,  1850. 
^  Mechanic^  Magqnne,  xxzviiL  240,  1843. 

"  Specification  of  Patent,  9022  of  1841. 

"  See  Cosmos,  x.  495,  1857,  and  La  Lumitre  AlectriquCy  ix.  193,  June  1883. 

"  Nuovo  Cintaito,  xix.  378,  1865. 
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the  simple  converse  of  that  of  the  motor,  and  that  the  same  machine 
can  serve  either  function,  appears  to  have  been  made  by  Lenz  ^  in 
1838.  It  was  known  to  Jacobi  ^  in  1850,  though  it  only  came  into 
general  recognition  somewhat  later.  It  was  certainly  kno^\^l  in  1852, 
for  in  the  fourth  edition  of  Davis's  Magnetism^  published  at  Boston, 
an  apparatus,  described  as  a  "  revolving  electromagnet "  (a  slight 
modification  of  Ritchie's  motor)  is  shown,  on  page  212  as  a  motor, 
and  the  same  apparatus  is  again  shown  on  page  268  as  a  generator, 
accompanied  by  the  remark  that  "  any  of  the  electromagnetic  instru- 
ments in  which  motion  is  produced  by  the  mutual  action  between  a 
galvanic  current  and  a  steel  magnet  may  be  made  to  afford  a  magneto- 
electric  current  by  producing  the  motion  mechanically."  A\  alenn  ^ 
explicitly  stated  the  same  point  in  i860 ;  and  it  was  also  stated  by 
Pacinotti  in  1864.  The  principle  of  transmitting  power  from  on^ 
dynamo  used  as  a  generator  to  another  used  as  a  motor  is 
claimed  for  Fontaine  and  Gramme,  as  a  discovery  made  in  1873, 
when  such  an  arrangement  was  shown  at  Vienna.  It  has  been 
noisily  claimed,  but  without  the  shadow  of  reason,  for  Marcel 
Deprez,*  who  did  not,  however,  discover  it  until  1881.  In  1882 
Ayrton  and  Perry  made  the  important  discovery  of  the  automatic 
regulation  of  motors,  to  run  with  constant  velocity,  by  methods 
akin  to,  but  the  converse  of,  those  adapted  for  making  dynamos  self- 
regulating.  Since  that  date,  the  improvements  made  in  continuous 
current  motors,  though  great,  have  been  in  mechanical  perfection  of 
design  and  detail.  The  alternate-current  d>Tiamo  with  its  separately 
excited  field-magnet  does  not  make  a  convenient  alternate-current 
motor,  as  it  is  not  self-starting.  AV'hen  once  started,  however,  it  runs  in 
absolute  synchronism  with  the  generator.  Hopkinson,  who  ap- 
parently was  not  aware  of  the  prior  researches  of  Wilde,  dating  from 
1869,  announced  the  synchronous  control  of  alternators  as  a  deduc- 
tion from  theory  in  1883. 

Baily,  in  1879,  showed  how  to  produce  rotation  by  the  currents 
induced  in  a  copper  disk  placed  in  a  systematically  shifting  magnetic 
field.  Ferraris,  in  1888,  made  the  important  suggestion  to  drive  a 
motor  by  two  indej^endent  alternate  currents  of  similar  period,  but 
differing  in  phase,  thus  producing  a  rotatory  magnetic  field.  The 
same  suggestion  came  independently  from  Nikola  Tesla,  who  first 

*  See  Sturgeon's  Annals  of  Electricity^  iii.  384,  1838  ;  and  Pog^,  Attn.,  xxxi. 
483,  1838. 

*  Mimoire  sur  la  Thhric  des  Machitws  electromagncliques, 
»  Specification  of  Patent,  2587  of  i860. 

*  Specification  of  Paient,  2830  of  1882.     See  Jour.  Soc.   Tclcgr,  Engincrrsy 
xii.  301,  1883. 
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put  such  motors  into  practical  form.  Dolivo-Dobrowolsky  inde- 
pendently suggested  the  use  of  three  circuits,  not  independent  of  one 
another,  but  mutually  connected  ;  which  system  came  into  vogue 
under  the  name  of  Drehstrom  or  Three-Phase  about  the  year  1890. 
Motors  for  use  in  two-phase  or  three-phase  circuits  may  be  either 
s}Tichronous  or  asynchronous,  according  as  to  whether  they  have  an 
independently  excited  field-magnet,  or  whether  instead  they  have  a 
mere  "  rotor  "  receiving  its  currents  by  induction.  Many  forms  of 
rotatory-field  motors  have  since  been  devised  by  various  engineers. 
Dolivo-Dobrowolsky  and  C.  E.  L.  Brown  in  particular  brought  the 
induction  motor  to  a  remarkable  pitch  of  perfection.  In  the  States 
a  two-phase  motor  on  a  different  plan  was  perfected  by  Stanley  and 
Kelly.  The  success  of  these  polyphase  motors,  in  which  the  rotating 
part  is  an  entirely  independent  simple  structure  of  iron  and  copper, 
receiving  its  currents  by  induction  and  without  any  commutator  or 
circuit  connexions,  has  led  to  the  device  of  single  phase  induction 
motors  for  use  with  simple  alternate  currents.  The  structure  of  these 
motors  resembles  that  of  the  polyphase  motors,  since  the  revolving 
part  receives  its  currents  solely  by  induction. 

In  1886  John  and  Edward  Hopkinson^  published  a  remarkable 
paper,  developing,  from  theoretical  considerations  respecting  the 
induction  of  magnetism  in  a  magnetic  circuit  of  given  form  and 
materials,  a  theory  of  the  dynamo,  the  perfection  of  which  may  be 
judged  by  the  fact  that  its  use,  as  now  extended  by  various  workers, 
enables  the .  performance  of  a  machine  to  be  predicted  with  extra- 
ordinary accuracy  from  the  design  as  laid  down  in  the  working 
drawings.  Other  contributions  to  the  theory  of  dynamos  have  been 
made  by  Lord  Kelvin^  (windings  to  secure  maximum  efficiency), 
Kapp'  (pre-determination  of  characteristic  curve),  Riicker*  (limits 
of  self-regulation),  Esson^  (design  of  multipolar  machines),  and 
others.  Hering,^  Fritsche,"  and  Arnold*  have  published  studies  on 
the  modes  of  winding  armatures ;  and  the  latter  has  given  a  formula 
for  all  kinds  of  continuous-current  machines  with  closed-coil  armatures. 
Methods  of  analyzing  the  various  losses  of  energy  due  to  friction, 

»  PfttL  Trans.,  i.  331,  1886. 

*  Journal  de  Physique,  (2)  ii.  240,   1 887  ;   and  Comptes  Rendu s,  xciii.  474, 
1881.  '  Journ.  Soc.  Telegr.  Engineers,  xv.  518,  1887. 

*  Phil.  Mag.,  (5)  xix.  462,  June  1885. 

*  Journal  Inst.  Electrical  Engineers,  xx.  1 89 1. 

*  Hering's  Principles  of  Dynamo^lectric  Machines,  New  York,  1889. 
'  Fritsche*s  D:e  Gldchstrom-Dynamomaschine,  Berlin,  1889. 

'  Arnold's   Die  Ankerwickelung  der   Gleichstrom-Dynamomaschinen,    Herlin, 
1891  ;  3rd  edition,  1899. 
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hysteresis  and  eddy-currents  have  been  devised  by  Mordey,^  and 
later  by  Kapp*  and  Housman,'  independently.  The  theory  of  alter- 
nate current  motors  both  of  the  asynchronous  and  of  the  synchronous 
types  has  of  late  received  much  attention  from  various  writers.  The 
reader  is  referred  to  the  author's  book  Polyphase  Electric  Currents 
(2nd  edition,  1900),  to  Steinmetz's  Alternating^  Current  Phaiomena 
(3rd  edition,  1900),  or  to  BehrencVs  Induction  Motor  (1901). 

A  vast  amount  of  attention  has  been  paid  to  the  question  of  the 
commutation  of  the  current  in  continuous  current  generators,  and  the 
suppression  of  sparks  at  the  commutator.  See  the  various  studies  of 
Thomas,*  Reid, *  Hawkins,*  Fischer-Hinnen, ^  Arnold,®  Kapp,* 
Parshall,io  and  Hobart.^^ 

The  most  recent  problem  under  discussion  generally  has  been 
the  driving  and  excitation  of  large  alternators  when  they  are  to  be 
coupled  in  parallel.  For  a  statement  of  the  problem,  and  discussion 
thereof,  the  reader  is  referred  to  the  papers  of  Leblanc. 

The  methods  to  be  adopted  in  dynamo  design,  and  the  right  appor- 
tioning of  the  various  inevitable  losses  of  energy  has  been  recently 
discussed  by  Parshall,i^  Rothert,*^  Hobart,^*  Mavor,"  Esson,^®  Scott,^^ 
and  others.  The  latest  treatise  on  continuous  current  generators  is 
that  of  Arnold,  Die  Gleichstrom  Maschine^  Berlin,  1902. 

*  Journal  Inst,  Electrical  Engineers^  xviii.  620,  1 889. 
-  Electrician,  xxvi.  700,  189 1. 

'  Jb.  ;  see  also  JoumeU  Inst,  Electrical  Enghuers^  xx.  303,  189 1. 

*  Electrician,  xL  557,  Feb.  18,  1898. 

*  Trafu.  Amen  Inst,  Elec,  Engweers,  Dec.  15,  1897. 

*  Electrician,  xxxix.  13  et  seqq.,  1897. 

^  Elektrotechnische  Zdtschrif:,  xix.  850,  Dec.  1898. 

*  lb,,  XX.  5  and  97,  1899.  »  lb,,  xx.  32.  1899. 
*•  Elatiic  Generators,  London,  1900. 

"  Journ,  Inst,  Elec,  Engineers,  xxxi.  170,  Sept  1901. 

"  Electrician,  xlvi.  1 70,  Nov.  1900. 

"  Elektrotechnische  Zeitschrift,  xxiv.  405,  May  1903.  "  Op.  citot. 

"  Journ.  Inst,  Elec.  Engineers,  xxxi.  218,  1901 ;  and  xxxii.  473,  1902. 

'•  lb.  xxxii.  329,  Jan.  1903. 

''  lb,  xxxii.  362,  Jan.  1903. 
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CHAPTER   III. 

PHYSICAL   THEORV   OF   DYNAMO-ELECTRIC    MACHINES. 

All  dynamos  are  based  upon  the  discovery  made  by  Faraday 
in  183 1,  that  electric  currents  are  generated  in  conductors  by 
moving  them  in  a  magnetic  field.  Faraday's  principle  may 
be  enunciated  as  follows  : — When  a  conductor  is  moved  in  a 
magnetic  field  so  as  to  cut  the  lines  of  force,  there  is  an 
electromotive-force  induced  in  the  conductor,  in  a  direction 
at  right  angles  to  the  direction  of  the  motion,  and  at  right 
angles  also  to  the  direction  of  the  lines  of  force. 

Dr.  Fleming  has  given  a  most  useful  rule  for  remembering 
this  connexion  between  motion,  magnetism  and  induced 
electromotive-force.  Hold  the  thumb  and  the  first  and 
middle  fingers  of  the  right  hand  as  nearly  as  possible  at 
right  angles  to  each  other,  as  in  Fig.  15,  so  as  to  represent 
three  rectangular  axes  in  space.  If  the  thumb  point  in  the 
direction  of  the  motion,  and  the  forefinger  point  along  the 
direction  of  the  magnetic  lines,  then  the  middle  finger  will 
point  in  the  direction  of  the  induced  electromotive-force.^ 

This  induced  electromotive-force  is,  as  Faraday  showed, 
proportional  to  the  number  *  of  magnetic  lines  cut  per  second  ; 
and  is,  therefore,  proportional  to  the  density  of  the  magnetic 

*  A  more  usual  rule  for  remembering  the  direction  of  the  induced  currents  is 
the  following  adaptation  from  Ampere's  well  known  rule  : — Supposing  a  figure 
swimming  in  any  conductor  to  turn  so  as  to  look  along  the  (positive  direction  of 
the)  lines  of  force.  Then  if  he  and  the  conductor  be  moved  towards  his  right 
hand,  he  will  be  swimming  with  the  current  induced  by  this  motion. 

Another  right-hand  rule  is  this : — Put  the  thumb  at  right  angles  to  the  fingers 
in  the  plane  of  the  palm  of  the  band.  Imagine  the  magnetic  lines  of  the  field  to 
be  entering  the  firont  of  the  palm  normally,  and  that  the  hand  is  then  moved  in 
the  direction  of  the  thumb.  The  index  finger  will  then  point  in  tlie  direction  of 
the  induced  electromotive-force. 

'  For  the  numerical  signification  to  be  attached  to  the  term  '*  number  of 
magnetic  lines,"  see  p.  72. 
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field,  and  to  the  length  and  velocity  ^  of  the  moving  conductor. 
For  steady  currents,  the  flow  of  electricity  in  the  conductor  is, 
by  Ohm*s  well-known  law,  directly  proportional  to  this  electro- 
motive-force, and  inversely  proportional  to  the  resistance  ot 
the  conductor.  For  sudden  currents,  or  currents  whose 
strength  is  varying  rapidly,  this  is  no  longer  true.  And  it 
is  most  important  in  the  construction  of  dynamo- electric 
machinery,  to  bear  in  mind  that  the  "resistance"  of  a  coil  of 
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Right  Hand. 
Fig.  15.— Illustration  of  Fle.ming's  Rule. 

wire,  or  of  a  circuit,  is  by  no  means  the  only  obstacle  offered 
to  the  generation  of  a  momentary  current  in  that  coil  or  circuit  • 
but  that  there  are  reactive  electromotive-forces  due  to  the 
"  self-induction "  exercised  by  one  part  of  a  coil  or  circuit 
upon  another  part  or  parts  of  the  same.  Indeed  in  many  cases 
of  currents  changing  suddenly  or  with  high  frequency  the 
reactance  is  quite  is  important  as,  and  in  some  cases  more 

*  If  the  direction  of  the  motion  is  not  at  right  angles  to  the  direction  of  the 
field,  the  resolved  part  of  the  velocity  in  the  direction  nt  right  angles  to  the  field 
must  be  considered  as  the  efi'ective  velocity. 
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important  than,  the  resistance.  Into  the  reactance  there  also 
enters  in  the  possible  elTect  due  to  any  capacity  (such  as  that 
of  a  condenser)  in  the  circuit. 

To  understand  clearly  Faraday's  principle — that  is  to  say, 
how  it  is  that  the  act  of  moving  a  wire  so  as  to  cut  magnetic 
lines  offeree  can  induce  or  generate  a  current  of  electricity  in 
that  wire — let  us  inquire  what  a  current  of  electricity  is. 

A  wire  through  which  a  current  of  electricity  is  flowing 
looks  in  no  way  different  from  any  other  wire.  No  man  has 
ever  yet  seen  the  electricity  running  along  in  a  wire,  or  knows 


Fill.  16.— Magnetic  Field  of  Kar-M.^ghbi. 

precisely  what  is  happening  there.  Indeed,  it  is  stilt  a  dis- 
puted point  which  way  the  electricity  flows,  or  whether  or  not 
there  are  two  currents  flowing  simultaneously  in  opposite 
directions.  One  thing  is  certain  ;  that  the  energy  does  not 
flow  along  the  substance  of  the  wire  at  all,  but  is  transmitted 
across  the  surroundinjT  medium,  transversely.  Until  we  know 
with  absolute  certainty  what  electricity  is,  we  cannot  expect 
to  know  precisely  what  a  current  of  electrity  is.  But  no 
electrician  is  in  any  doubt  as  to  one  most  vital  matter, 
namely,  that  when   that  which  is  called  an  electric  current 
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flows  through  a  wire,  the  magnetic  forces  with  which  that 
wire  is  thereby,  for  the  time,  endowed,  and  which  are  propor 
tional  in  intensity  to  it,  reside  not  in  the  wire  itself,  but  in 
the  space  surrounding  it  Everyone  knows  that  in  the  space 
or  "  field  "  surrounding  a  magnet  there  are  magnetic  forces 
whose  direction  and  intensity  are  conveniently  portrayed  bj- 
magnetic  "  lines  of  force."  These  lines  start  in  tufts  from  the 
N-pointing  pole  and  curve  round  to  the  S-pointing  pole  of  the 
magnet  They  are  invisible  until,  by  dusting  iron  filings  into 
the  field,  their  presence  is  made   known,  though  they   are 


Fic  i^.—Magketic  Piild  sound  okb  Pols,  end-on, 

always  in  reality  there  (Fig.  i6),  and  can  be  detected  in 
several  independent  ways.  A  view  of  the  magnetic  field  at 
the  pole  of  a  bar  magnet,  as  seen  end-on,  would,  of  course, 
exhibit  merely  radial  lines,  as  seen  in  Fig.  17, 

Now,  every  electric  current  (so  called)  is  surrounded  by  a 
magnetic  field,  the  lines  of  which  can  be  similarly  revealed. 
To  observe  them,  a  hole  is  bored  through  a  card  or  a  piece  of 
glass,  and  the  wire  which  carries  the  current  must  be  passed 
up  through  the  hole.  When  iron  filings  are  dusted  into  the 
field  they  assume  the  form  of  concentric  circles  (Fig.   18) 
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showing  that  the  lines  of  force  run  completely  round  the  wire, 
and  do  not  stand  out  in  tufts.  In  fact,  every  conducting  wire 
i-i  surrounded  by  a  sort  of  magnetic  whirl,  like  that  shown  in 
Fig.  19,  A  great  part  of  the  eneigy  of  the  soH;alled  electric 
current  in  the  wire  consists  in  these  external  magnetic  whirls. 
To  set  them  up  requires  an  expenditure  of  energy.  They 
grow  and  spread  out  into  space  from  the  wire  as  from  a 
central  core.  The  current  on  being  started  does  not  instantly 
assume  its  full  strength,  part  of  the  energy  being  employed 


during  the  variable  period  in  building  up  this  surrounding 
field.  On  stopping  the  current  by  breaking  the  circuit  this 
surrounding  energy  returns  back  into  the  circuit ;  the  field, 
as  it  collapses  upon  the  wire,  tending  to  maintain  the  current, 
and  causing  the  spark  seen  at  the  break  of  the  circuit  It  is 
these  magnetic  whirls  which  act  on  magnets,  and  cause  them 
to  set,  as  galvanometer  needles  do,  at  right  angles  to  the 
conducting  wire. 

Now,  Faraday's  principle  of  induction  is  nothing  more  or 
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less  than  this  : — That  by  moving  a  wire  near  a  magnet,  across 

a  space  in  which  there  are  magnetic  lines,  the  motion  of  the 

wire,  as  it  cuts  across  those  magnetic  lines,  sets  up  magnetic 

whirls  round  the  moving  wire,  or,  in  other  language,  generates 

a   so-called   current   of  electricity  in   that   wire.     Poking   a 

magnet  pole  into  a  loop  or  circuit  of  wire   also  necessarily 

generates  a  momentary  current  in  the  wire  loop,  because  it 

momentarily  sets  up  magnetic   whirls.     In 

Faraday's  language,  this  action  increases  the 

number  of  magnetic  lines  embraced  by  the 

circuit. 

It  is,  however,  necessary  that  the  moving 
conductor  should,  in  its  motion,  so  cut  the 
magnetic  field  as  to  alter  the  number  of 
magnetic  lines  that  pass  through  the  circuit 
of  which  the  moving  conductor  forms  part. 
Without  a  variation  in  the  magnetic  flux 
that  penetrates  the  circuit  there  will  be  no  in- 
duction. And  induction  will  always  occur 
in  any  circuit  when  any  change  in  the  flux 
takes  place,  however  that  change  may  be 
produced. 

If  the  magnetic   field  be  not  a  uniform 

Ione,  then  the  effect  of  taking  the  coil  by  a 
simple  motion  of  translation  from  a  place 
where  the  lines  of  force  are  dense  to  a  place  ■ 

'°'  ■'?.'         where  they  are  less  dense,  will  be  to  generate 

Magnetic  Whirl  r^       ^  i 

siTRRouNDcsc      currcuts.     Or,  if  the  motion  be  to  a  place 

WiBB  CARRYING    where  the  lines  of  force  run  in  the  reverse 

Current.        direction,   the   effect  will  be  the  same,  but 

even  more  powerful. 

In  the  process  called  homopolar  or  "  unipolar  "  induction 
(Chap.  XXIII. ),  conductors  with  sliding  contacts  move  con- 
tinuously through  a  uniform  field  ;  there  being  no  reversals. 

We  may  now  summarise  the  points  under  consideration 
and  some  of  their  immediate  consequences,  in  the  following 
manner : — 

(l)  To   induce   currents   in   a   conductor   there   must  be 
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relative  motion  between  conductor  and  magnet,  of  such  a 
kind  as  to  alter  the  number  of  the  magnetic  lines  embraced 
in  or  enclosed  by  the  circuit. 

(2)  Increase  in  the  number  of  magnetic  lines  embraced  by 
the  circuit  generates  an  electromotive-force  in  the  opposite 
sense  to  that  induced  by  a  decrease. 

(3)  The  more  powerful  the  magnet  pole  or  magnetic  field, 
the  higher  will  be  the  electromotive-force  generated. 

(4)  The  more  rapid  the  motion,  the  higher  will  be  the 
electromotive-force. 

(5)  By  joining  in  series  a  number  of  such  moving  con- 
ductors, the  electromotive-forces  in  the  separate  parts  are 
added  together ;  hence  very  high  electromotive-forces  can  be 
obtained  by  using  numerous  coils  properly  connected  in 
series. 

(6)  Since  the  quantity  or  strength  of  the  current  depends 
on  the  resistance  of  the  conductors  in  the  circuit,  as  well  as  on 
the  electromotive-force,  all  unnecessary  resistance  should  be 
avoided 

(7)  The  number  of  magnetic  lines  being  finite,  the  process 
of  a  generating  machine  in  alternately  increasing  and  diminish- 
ing the  flux  enclosed  by  the  moving  conductor  must  necessarily 
generate  currents  alternate  in  direction. 

(8)  By  using  a  suitable  commutator,  all  the  currents, 
direct  or  inverse,  induced  during  recession  or  approach,  can 
be  turned  into  the  same  direction  in  the  wire  that  goes  to 
supply  currents  to  the  external  circuits  ;  and  if  the  rotating 
coils  are  properly  grouped  so  that  before  the  electromotive- 
force  in  one  set  has  died  down  another  set  is  coming  into 
action,  then  it  will  be  possible,  by  using  an  appropriate  com- 
mutator, to  combine  their  separate  currents  into  one  current 
which  is  continuous  and  practically  uniform. 

(9)  As  induction  depends  upon  the  relative  motion  01 
conductor  and  magnetic  lines,  it  is  a  mere  question  of 
mechanical  convenience  whether  the  magnet  be  stationary 
while  the  copper  conductor  moves,  or  whether  the  conductor 
is  fixed  while  the  magnet  moves. 

(10)  To  the  conductor  which  is  generating  the  electro- 
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motive-force  by  cutting  the  magnetic  lines,  it  makes  no 
difference  what  the  origin  of  those  lines  is,  whether  from 
a  permanent  magnet  of  steel  or  from  an  electromagnet, 
provided  the  number  of  magnetic  lines  so  cut  is  the 
same.  All  dynamo-electric  machines  are  in  this  sense 
magneto-electric. 

(ii)  To  the  moving  conductor  it  makes  no  difference 
what  the  origin  of  the  motion  is.  Whether  the  motion  be  due 
to  a  steam-engine,  or  to  a  gas-engine,  or  to  hand-driving,  or 
to  driving  by  means  of  an  electric  current  in  the  wire  itself 
(as  in  the  case  of  electric  motors),  it  makes  no  difference  to 
the  moving  conductor,  which,  provided  the  speed  and  the 
number  of  magnetic  lines  to  be  cut  are  given,  will  generate 
the  same  electromotive-force. 

We  will  next  examine  some  fundamental  points  in  the 
general  mechanism  and  design  of  dynamo  machines  for  con- 
tinuous  currents.  We  will  begin  with  the  various  organs  or 
parts  of  the  machine.  Having  discussed  these,  we  take  up  the 
nature  of  the  processes  that  go  on  in  the  machine  when  it  is  at 
work,  the  action  of  the  magnetic  field  on  the  rotating  arma- 
ture, and  the  reactions  of  the  armature  upon  the  field  in 
which  it  rotates.  We  shall  then  consider  the  properties  of 
the  material  with  which  we  are  concerned,  including  the  con- 
ductivity of  copper,  the  resistance  of  insulating  materials,  and 
the  magnetic  properties  of  iron  so  far  as  is  needed  for  the 
purpose  of  dynamo  design. 


Organs  of  Continuous-Current  Dynamos. 

The  simplest  conceivable  dynamo  is  that  sketched  in 
Fig.  20,  consisting  of  a  single  rectangular  loop  of  wire  rotating 
in  a  simple  and  uniform  magnetic  field  between  the  poles  of  a 
large  magnet.  If  the  loop  be  placed  at  first  in  the  vertical 
plane,  the  number  of  lines  that  pass  through  it  from  right  to 
left  will  be  a  maximum,  and  as  it  is  turned  into  the  horizontal 
position  the  number  diminishes  to  zero  ;  but  on  continuing 
the  rotation  the  lines  begin  again  to  penetrate  the  loop  from 
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the  opposite  side,  so  that  there  is  a  negative  maximum  when 
the  loop  has  been   turned  through   180°.      During  the  half- 
revolution,  therefore,   currents  will  have  been  induced  in  the 
loop,  and  these  currents  will  be  in  the  direction  from  back  to 
front  in  the  part  of  the  loop  which  is  rising  on  the  left,  and  in 
the  opposite   direction,  namely,  from  front  to  back,  in  that 
part  which  is  descending  on  the  right.     On  passing  the  180** 
position,  there  -will  begin  an  induction  in  the  first  sense,  for  now 
the  number  of  negative  lines  of  force  is  diminishing,  which  is 
equivalent  to   a   positive  increase  in  the  number  of  lines  of 
force :  and  this  increase  would  go  on  until  the  loop  reached 
its  original   position,  having  made  one  complete   turn.      If. 
then,  to  each  end  of  the  loop  there  were  separately  attached 
a  metal  collar  on  the  shaft,  and  on  each  collar  there  pressed  a 


Fig.  20.— Ideal  Simple  Dynamo. 

spring,  wires  connected  to  these  springs  would  convey  an 
alternating^  current  to  the  circuit.  If,  however,  it  is  desired  to 
adapt  the  apparatus  to  furnish  a  continuous  current,  a  special 
adjunct  must  be  added. 

Seeing  then  that  in  all  cases  the  rotation  of  an  armature 
between  the  poles  of  a  magnet  generates  alternating  currents, 
if  we  would  commute  these  alternately-directed  currents  into 
one  direction  in  the  external  circuit,  we  must  add  a  commutator. 
In  its  most  primitive  form  the  commutator  consisted  of  a 
metal  tube  slit  into  two  parts,  and  mounted  on  a  cylinder  of 
hard  wood  or  other  suitable  insulating  material ;  each  half 
being  connected  to  one  end  of  the  loop,  as  indicated  in  Fig.  20. 
Against  this  commutator  press  a  couple  of  metallic  springs  or 
"brushes  "  (Fig.  21),  which  lead  away  the  currents  to  the  main 
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circuit.  It  is  obvious  that  if  the  brushes  are  so  set  that  the 
one  part  of  the  split  tube  slides  out  of  contact,  and  the  other 
part  slides  into  contact  with  the  brush,  at  the  moment  when 
the  loop  passes  through  the  positions  when  the  induction 
reverses  itself,  the  alternate  currents  induced  in  the  loop 
will  be  "  rectified  "  or  "  commuted  "  into  ont  direction.     We 


Commutator.  Simple  Loop  in  Simple  P'ield. 

should  expect,  therefore,  the  brushes  to  be  set  so  that  the 
commutation  shall  take  place  exactly  as  the  loop  passes 
through  the  vertical  position.  In  practice,  however,  it  is 
found  that  a  slight  forivard  lead  must  be  given  to  the 
brushes,  for  reasons  which  will  presently  appear.  In  Fig.  22 
are  shown   the   brushes   B  B',  displaced  so  as  to  touch   the 


Simple  Kkctangular  Coil.  wound  Siemens  Armature. 

commutator  not  exactly  at  the  highest  and  lowest  points, 
but  at  points  di.splaced  in  the  direction  of  the  line  D  D, 
which  is  called  the  "  diameter  of  commutation."  The 
argument  is  in  no  wise  changed  if  for  the  single  ideal  loop 
we  substitute,  as  proposed  by  Sturgeon  in  1S35,  the  simple 
rectangular  coil  represented  in  Fig.  23,  consisting  of  many 
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turns  of  wire,  in  each  of  which  a  simultaneous  inductive  action 
>  going  on,  making  the  total  inducrd  electromotive-force 
proportionately  greater.  This  form,  with  the  addition  of  an 
iron  core,  is,  indeed,  the  form  given  to  armatures  in  1856  by 
Siemens,  whose  shuttle-wound  armature  is  represented  in 
action  in  Fig.  24.  A  small  magneto-electric  machine  of  the 
old  pattern,  having  the  shuttle-wound  armature,  is  shown  in 
Fig.  25.  Though  this  iorm  has  long  been  abandoned,  save  for 
•mall  motors,  telephone  ringers,  and  automobile  igniters,  it  gave 


a  great  impetus  to  the  machines  of  its  day  ;  but  for  all  large 
work  it  has  been  entirely  superseded  by  the  ring  armatures 
and  dram  armatures  presently  to  be  described. 

We  have  seen  that  the  dynamo  in  its  simplest  form  con- 
sists of  two  main  portions  :  (I )  an  armature,  which  in  revolving 
induces  electromotive  forces  in  the  copper  conductor  wound 
upon  it ;  (2)  a  field-magnet,  that  is  to  say  a  magnet  whose 
function  is  to  provide  a  field  of  magnetic  lines,  to  be  cut  by 
the  armature  conductors  as  they  revolve.  In  all  dynamos, 
ivhether   for    continuous   currents  or   for  alternate   currents, 


48  Dynamo-Electric  Machinery, 

these  two  parts  can  be  recognised.  In  almost  all  continuous- 
current  machines  the  field-magnet  stands  still,  and  consists  of 
a  comparatively  simple  and  massive  electromagnet ;  whilst 
the  armature,  which  is  a  more  complex  structure,  is  the 
portion  which  rotates.  In  alternate-current  machines  the 
field-magnet  is  usually  multipolar,  and  in  the  majority  of 
modern  cases  rotates  whilst  the  armature  is  stationary  ;  never- 
theless there  are  many  alternators  of  old  patterns  and  small 
size  in  which  the  armature  rotates  and  the  field-magnet  stands 
still.  The  criterion  as  to  which  portion  is  properly  called 
"  field-magnet,"  and  which  "  armature,"  is  not  the  question  of 
rotation  or  otherwise.  The  name  of  field-magnet  is  properly 
given  to  that  part  which,  whether  stationary  or  revolving, 
maintains  its  magnetism  steady  during  the  revolution;  and 
the  name  armature  is  properly  given  to  that  part  which, 
whether  revolving  or  fixed,  has  its  magnetism  changed  in  a 
regularly  repeated  fashion  when  the  machine  is  in  motion.  In 
a  generator  the  armature  is  that  part  which  is  .connected  in 
circuit  with  the  distributing  mains  and  gives  current  to  them. 
In  a  motor  the  armature  is  that  part  which  receives  the 
currents  from  the  mains.  It  is  now  customary  to  classify 
dynamos  under  two  types  :  K-type,  those  with  stationary 
magnets  and  revolving  armature  ;  ^-type^  those  with  stationary 
armature  and  revolving  magnet-wheel.  There  is  a  third  type 
amongst  alternators,  known  as  the  InductOT'type,  in  which  the 
magnetising  coils  as  well  as  the  armature  stand  still,  the 
only  revolving  part  being  a  set  of  inductors  br  polar  masses 
of  iron.  In  the  case  of  continuous-current  machines  there  is 
another  feature  of  primary  importance,  namely,  the  apparatus 
for  collecting  the  currents  from  the  revolving  armature.  This 
apparatus  consists  of  two  essential  parts  ;  the  commutator  (or 
collector)  attached  to  the  armature  and  revolving  with  it,  and 
the  brushes.  The  latter,  which  are  conducting  contact  pieces 
of  carbon  or  copper  held  pressed  against  the  surface  of  the 
rotating  commutator,  are  provided  with  special  brush-holders 
mounted  upon  an  adjustable  frame  or  rocker. 

In  the  case  of  alternate-current  machines  there  is  no  need 
of  a  commutator ;  but,  in  general,  these  machines  have  to  be 
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provided  with  some  device  for  making  a  sliding  connexion. 
For  in  those  of  the  A-type  the  armature  coils  must  be 
brought  into  continuous  metallic  relation  with  the  conductors 
of  the  main  circuit ;  and  in  those  of  the  B-type  there  must 
still  be  sliding  contacts  to  maintain  the  coils  of  the  revolv- 
ing maj^et  wheel  in  continuous  metallic  connexion  with  the 
auxiliary  exciting  circuit.  In  either  case  the  appropriate 
device  consists  of  a  pair  of  slip-rings^  against  each  of  which 
a  brush  presses. 

In  addition  to  the  electrical  and  magnetic  features  enume- 
rated above,  there  are  certain  purely  mechanical  features 
which  need  to  be  considered.  The  revolving  part  must  be 
mounted  on  an  appropriate  sliaft^  the  design  of  which  is  a 
matter  of  mechanical  engineering.  Upon  the  shaft  the  re- 
volving armature  is  carried  by  means  of  a  hub  or  spider 
which  supports  the  core-disks.  These  are  almost  invariably 
slotted  at  the  periphery  to  receive  the  copper  conductors  in 
slots  between  projecting  teeth  ;  though  occasionally  smooth 
cores  are  still  found  having  a  surface  winding  secured  in  its 
place  by  binding-wires  and  propelled  by  projecting  driving- 
horns.  The  shaft  itself  must  be  supported  in  suitable  bearings^ 
and  be  provided  with  lubricators  to  secure  cool  running,  To 
receive  the  power  from  the  engine  a  pulley  must  be  provided, 
unless  the  dynamo  is  to  be  driven  direct  by  a  coupling  from 
an  engine  mounted  on  the  same  bed-plate.  Lastly,  the  whole 
dynamo  must  be  erected  upon  an  appropriate  bed-plate^  which 
in  some  cases  is  placed  upon  rails^  so  that  it  may  be  shifted 
from  time  to  time  by  the  aid  of  tightening  screws,  as  the  belt 
grows  slack. 

Armatures. 

Returning  to  the  ideal  simple  loop,  we  may  exhibit  it  in 
its  relation  to  the  2-part  commutator  somewhat  more  clearly 
by  referring  to  Fig.  26.  The  same  split-tube  or  2-part 
commutator  will  suffice  if  a  loop  of  two  or  more  turns  be 
substituted,  as  shown  in  Fig.  27,  for  the  single  turn. 

But  we  may  substitute  also  for  the  one  loop  a  small  coil 
I.  E 
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consisting  of  several  turns  wound  upon  an  iron  ring.  This 
coil  (Fig.  28),  which  ma>*  be  considered  as  one  section  of  a 
Pacinotti  or  Gramme  ring,  will  be  penetrated  by  magnetic 
lines  as  the  loop  was.  In  the  position  drawn,  it  occupies  the 
highest  point  of  its  path,  and   the   flux   of  magnetic   lines 


Fig.  26. 

Simple  Loop 

Armature. 


Fig.  27. 

Loop  Armature 

OF  Two  Turns. 


Fig.  28. 
Simple  Ring  Armature 
WITH  one  Coil. 


through  it  will  be  a  maximum.  As  it  turns,  the  number  of 
lines  that  penetrate  it  will  diminish,  and  become  zero  when  it 
is  at  90^  from  its  original  position.  But  a  little  consideration 
of  its  action  will  suffice  to  show  that  if  another  coil  be  placed 
at  the  opposite  side  of  the  ring  it  will  be  performing  an  exactly 


Fig.  29.— Simple  Ring  Arma- 
ture WITH  Two  Coils  in 
Parallel. 


Fig.  30.— Simplk  I.00P  Arma- 
ture WITH  Two  Coils  in 
Parallel. 


similar  inductive  action  at  tlie  same  moment,  and  may  there- 
fore be  connected  to  the  same  commutator.  If  these  two  coils 
are  united  in  parallel,  as  shown  in  Fig.  29,  the  joint  electro- 
motive-force will  be  the  same  as  that  due  to  either  separately  ; 
but  the  resistance  offered  to  the  current  by  the  two  jointly  is> 
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half  that  of  either.  It  ia  evident  that  we  may  connect  two 
parallel  loops  in  a  similar  fashion  to  one  simple  2-part  col- 
lector. If  the  two  loops  are  of  one  turn  each,  we  shall  have 
the  arrangement  sketched  in  Fig.  30  ;  but  the  method  of 
connecting  is  equally  good  for  loops  consisting  of  many  turns 
each. 


Now,  with  all  these  arrangements  involving  the  use  of  a 
2-part  commutator,  whether  there  be  one  circuit  only  or  two 
circuits  io  parallel  in  the  coils  attached  thereto,  there  is  the 
disadvantage  that  the  currents,  though  commutated  into  one 

t  2  » 

Fic.  31.— Curve  of  Rectifier  or  CoMUtrTED  Alieknating  Currrnt. 

direction,  are  not  absolutely  continuous.     In  any  single  coil 
without   a   commutator   there   would   be  generated,  in  suc- 
cessive revolutions,  currents  whose  variations  may  be  graphi- 
cally expressed  by  a  recurring  sinusoidal  curve,  such  as  Fig.  31. 
But  if  by  the  addition  of  a  simple  split- 
tube  commutator  the  alternate  halves  of 
these   currents    are   reversed,   so   as   to 
rectify  their  direction  through  the  rest 
of   the    circuit,    the    resultant   currents, 
though    not  continuous,  will  be  of  one 
sign  only,  as  shown  in   Fig.  32,  there 
being    two    currents    generated    during 
each  revolution  of  the  coil.     The  currents 
are  now  "  rectified,  or  "  redressed,    as  our       n,„g  ^^, 


continental  neighbours  say,  but  are  not       (Clo^kd  Coil). 
strictly  continuous.     To  give  continuity 
to  the  currents,  we  must  advance  from  the  simple  2-part  com- 
mu^tor  to  a  form  having  a  larger  number  of  segments,  and 
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employ  therewith  a  larger  number  of  coils.  The  coils 
must  also  be  so  arranged  that  one  set  comes  into  action 
while  the  other  is  going  out  of  action.  Accordingly,  if  w;e 
fix  upon  our  iron  ring  two  sets  of  coils  at  right  angles  to 
each  other's  planes,  as  in  Fig.  33,  so  that  one  comes  into 
the  position  of  best  action  while  the  other  is  in  the  posi- 
tion of  least  action  (one  being  parallel  to  the  magnetic 
lines  when  the  other  is  normal  to  them),  and  their  actions 
be  superposed,  the  result  will  be,  as  shown  in  Fig.  34,  to 
give  a  current  which  is  continuous,  but  not  steady,  having 
four  slight  undulations  per  revolution.  If  any  larger  number 
of  separate  coils  are  used,  and  their  effects,  occurring  at 
regular  intervals,  be  superposed,  a  similar  curve  will  be 
obtained,  but  with  summits  proportionately  more  numerous 
and  less  elevated.  When  the  number  of  coils  used  is  very 
great,  and  the  overlappings  of  the  curves  are  still  more  com- 
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Fig.  34. — Curve  op  Continuous  but  Non-uniform  Current. 


plete,  the  row  of  summits  will  form  practically  a  straight  line, 
or  the  whole  current  will  be  practically  constant.  As 
arranged  in  Fig.  33,  the  four  coils  are  all  united  together 
in  a  closed  circuit,  the  end  of  the  first  being  united  to  the 
beginning  of  the  second,  and  so  forth  all  round,  the  last 
closing  in  to  the  first.  In  order  to  obtain  greater  uniformity 
of  effect,  the  coils  on  the  armature  ought  to  be  divided 
into  a  very  large  number  of  "sections"  or  "elements," 
which  come  in  regular  succession  into  the  position  of 
maximum  effect  at  regular  intervals  one  after  the  other. 
In  Fig.  35  a  sketch  is  given  of  a  drum  armature  wound 
with  two  pairs  of  coils  at  right  angles  one  to  the  other,  and 
connected  to  a  4-part  commutator.  A  little  examination 
of  Figs.  33  and  35  will  show  that  each  of  the  four  "  sections  "  is 
connected  to  the  next  in  order  to  it ;  the  whole  of  the  windings 
constituting,  therefore,  a  single  closed  coiL     Also  the  end  of 
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one  section  and  the  beginning  of  the  next  are  both  connected 
with  a  segment  of  the  commutator.     In  practice  the  commu- 
tator   segments   are    not    mere  slices  of    metal   tubing    but 
are    built    up  of   a  number  of 
parallel  bars  of  copper,  hard- 
drawn,  or  drop-foiled,  such  as 
may  be  seen  in  Fig.  38,  p.  56, 
placed  round  the  periphery  of 
a  cylinder  of  some  insulating 
substance.      It    will     also     be 
noticed  that,  owing  to  the  fact 
that    there     is     a    continuous 
circuit  all   round,  there  are  at 
least  two  paths   in    which   the 
current  may  flow  through  the 
armature    from    one   brush   to 
another,  as  in  all  the  ring  and  drum  armatures ;  of  which, 
indeed.  Figs.  33  and  35  may  be  taken  as  simplified  instances. 
The   same  reasoning  now  applied  to  4-part  annatures  holds 
good  for  those  having  a  still  larger  number  of  parts,  such 
as  is  shown  in  Fi^.  36.     Of  these  more  will  be  said  in  the 


subsequent  chapters.  Let  it  suffice  to  say  here  that  in 
closed-coil  armatures,  whether  of  the  "  ring  "  or  the  "  drum  " 
tj'pe,  there  are  usually  as  many  segments  to  the  commutator 
as  there  are  sections  or  groups  of  coils  in  the  circuit  of 
the  armature.  The  special  case  of  open-coil  armatures  is 
considered  in  Chapter  XXII.     In  machines  of  this  type  the 
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separate  coils  are  not  necessarily  connected  up  together  in 
series  ;  and  a  special  form  of  commutator  is  used  instead 
of  the  usual  arrangement  of  a  large  number  of  parallel  bars. 

So  far,  the  only  types  of  armature  considered  have  been 
the  "  drum  "  type  and  the  "  ring  "  type  ;  but  these  are  not  the 
only  possible  cases.  The  object  of  all  such  combinations  of 
coils  is  to  obtain  the  practical  continuity  and  equability  of 
current  explained  above.  Theoretically,  any  figure  of  revolu- 
tion around  which  the  coils  are  symmetrically  assembled  would 
serve  the  purpose.  Amongst  such  forms  the  sphere  and  the 
cone  might  be  included,  and  have  indeed  been  tried ;  but  in 
practice  the  types  of  armature  have  resolved  themselves  into 
the  following : — 

(i)  Ring  armatures^  in  which  the  coils  are  grouped  upon 
a  ring  whose  principal  axis  of  symmetry  is  its  axis  of  rotation 
also. 

(2)  Drum  Armatures^  in  which  the  coils  are  wound  longi- 
tudinally over  the  surface  of  a  drum  or  cylinder. 

(3)  Pole  armatures,  having  coils  wound  on  separate  poles 
projecting  radially  all  round  the  periphery  of  a  disk  or  central 
hub. 

(4)  Disk  arvtatures,  in  which  the  coils  arc  flattened  into  a 
disk. 

The  ingenuity  of  inventors  has  been  exercised  in  several 
directions : — The  securing  of  practical  continuity,  the  avoid- 
ance of  eddy  currents  in  the  cores,  the  reduction  of  useless 
resistance,  and  the  greatest  specific  utilization  of  material. 
Most  inventors  have  been  content  to  secure  approximate  con- 
tinuity by  making  the  number  of  sections  numerous.  Paci- 
notti's  early  dynamo  had  the  coils  wound  between  projecting 
teeth  upon  an  iron  ring.  Gramme  preferred  that  the  coils 
should  be  wound  round  the  entire  surface  of  the  annular  iron 
core.  To  prevent  wasteful  eddy  currents  in  the  core,  he  con- 
structed it  of  varnished  iron  wire.  For  ring  cores  flat  core- 
disks  of  sheet  iron  are  now  universally  preferred.  For  discoidal 
ring  armatures  the  core  is  built  of  hoops.  In  ring  armatures 
the  parts  of  the  copper  coils  which  pass  through  the  interior 
of  the  ring  are  inoperative  in  cutting  magnetic  lines,  unless 
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there  are  iwlc-pieces  of  the  field-magnet  projecting  internally. 
Hence,  in  the  ordinary  forms  of  dynamo  with  exterior  magnets 
the  inner  parts  of  the  ring  v/jnding  act  merely  as  conductors 
and  not  as  inductors,  and  offer  a  certain  amount  of  wasteful 
resistance.  But  this  resLstance  in  well-designed  machines  is 
insignificant  compared  with  that  of  the  external  circuit;  and 
the  disadvantage  is  small.  In  certain  lai^  Gcnnan  dynamos 
the  ring  is  outside  the  field-magnets,  so  that  the  outer  part  of 
the  windings  arc  non-inductive  or  idle  ;  and  the  currents  are 
collected  direct  from  the  windings  of  the  ring  by  brushes 
which  trail  on  its  periphery.  The  various  modes  of  winding 
and  connecting  uptheconductorsonanarmatureare specially 
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considered  in  Chapter  XIII.  A  finished  ring  armature  with 
its  commutator  and  driving  pulley  is  shown  in  Fig.  37. 

Drum  armatures,  as  first  constructed  by  Siemens,  had 
iron  cores  made  of  wire  wound  upon  an  internal  non-magnetic 
nucleus.  Weston  substituted  stamped  core-disks  of  iron  with 
teeth.  A  complete  drum  armature  is  depicted  in  Fig,  38, 
which  shows  the  overlapping  of  the  windings  at  the  end  of  the 
drum,  the  connexions  to  the  commutator,  and  the  external 
binding  wires  that  keep  the  coils  from  flying  out.  With  the 
introduction  of  multipolar  machines,  the  tendency  in  recent 
years  has  been  to  design  armatures  more  and  more  in  fly- 
wheel form  with  diameter  much  larger  than  the  axial  length. 

Pole  armaliires,  having   the   coils   \vound   upon    radially 
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projecting  poles,  were  devised  by  Allan.  Lontin  and  Weston. 
The  principle  of  Lontin's  machines,  in  which  the  coils  are 
connected  to  be  re-entrant  like  the  sections  of  a  Gramme  ring, 
is  indicated  in  Fig,  39.  This  form  has  not  proved  successful 
for  continuous-current  machines,  as  the  self-induction  in  each 


Fig.  38. — Drum  Armature  (Allgemeike  Go's.  Pattern). 

section  of  the  winding  is  so  great  that  the  machines  cannot 
run  without  sparking.  Pole  armatures  are,  however,  used  in 
some  alternators,  and  in  the  Westinghouse  arc-light  machine. 
Disk  armMures  are  differentiated  into  two  kinds  :  (l)  those 
in  which  the  coils  are  grouped  on  a  number  of  small  bobbins, 
side  by  side,  an  arrangement   suitable   for  alternate-current 


Fig.  39.— Simple  Pole  Armature  skowihg  Connexions. 

machines,  such  as  those  of  Siemens,  Ferranti  and  Mordey  ; 
(2)  those  in  which  the  windings  are  made  to  overlap  over  a 
considerable  angle  of  the  periphery,  as  in  the  disk  dynamos 
of  Pacinotti,  of  Desroziers  and  of  Fritsche,  all  of  which  are 
adapted  to   give  continuous  currents.     A   disk  armature  is 
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shown  in  Fig,  40,  belonging  to  a  Desroziers  machine.  But  the 
mechanical  ditliculties  attendant  on  this  type  have  caused  it  to 
be  abandoned  for  continuous-current  machines.     It  is  usual,  in 


Fig.  40. — Disk  Akuatusb  of  Desroziers'  Machine. 

the  disk  form  of  armature,  to  dispense  with  any  iron  core  ;  the 
armature  being  inserted  in  a  narrow  gap  between  the  polar 
surfaces  of  the  field-magnet. 


Armature  Cores. 

Whenever  iron  is  employed  in  armatures,  it  must  be  slit 
or  laminated,  so  as  to  prevent  the  generation  of  parasitic  eddy- 
currents.  Such  iron  cores  should  be  structurally  divided  in 
planes  normal  to  the  circuits  round  which  electromotive-force 
is  induced ;  or  should  be  divided  in  planes  parallel  to  the 
magnetic  flux  and  to  the  direction  of  the  motion.  Thus, 
drum  armature  cores  should  be  built  of  disks  of  thin  sheet 
iron.  Ring  armatures,  if  of  the  cylindrical  or  elongated  type, 
should  have  cores  made  up  of  rings  stamped  out  of  sheet  iron 
and  clamped  together  side  by  side  ;  but  if  of  the  flat-ring  type 
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they  should  be  built  of  concentric  hoops.  Cores  built  up  of 
varnished  iron  wire,  or  of  thin  disks  of  sheet  iron  separated 
by  varnish,  asbestos,  or  paper,  partially  realize  the  required 
•condition.  The  magnetic  discontinuity  of  wire  cores  is, 
however,  disadvantageous  ;  it  is  better  that  the  iron  should  be 
without  discontinuity  in  the  direction  in  which  it  is  to  be 
magnetized.  It  should,  therefore,  be  laminated  into  sheets, 
rather  than  subdivided  into  wires.  Armature  cores  of  solid 
iron  are  quite  inadmissible,  as  currents  are  generated  in  them 
and  heat  them.  Cores  of  solid  metal  other  than  iron — for  ex- 
ample, of  gun-metal  or  of  phosphor-bronze — should  on  no 
account  be  used  in  any  armature. 

Segmental  cores, — For  all  armature-cores  exceeding  2  feet 
or  so  in  diameter  it  is  usual  to  stamp  out  the  core  disks  in 
segments  which  are  built  up  together  into  rings  ;  and,  except 
in  the  case  of  some  alternate-current  machines,  it  is  the 
practice  to  build  up  these  segments  so  that  they  break  joint, 
the  segments  of  one  layer  overlapping  the  joints  of  the  pre- 
ceding layer,  so  as  to  secure  general  magnetic  continuity. 
In  multipolar  armatures  it  is  customary,  though  not  necessary, 
to  make  the  segments  of  the  same  angular  breadth  as  a 
pair  of  poles.     See,  however,  the  examples  in  later  Chapters. 


Fundamental  Points  in  Design. 

As  has  already  been  pointed  out,  the  function  of  the  field- 
magnet  is  to  provide  a  large  number  of  magnetic  lines,  whilst 
the  function  of  the  armature  is  to  cut  the  magnetic  lines  so 
provided.  The  iron  core  of  the  armature  may  be  regarded, 
therefore,  as  belonging  to  the  magnetic  circuit  of  the  field 
magnet ;  the  true  armature  consisting  of  the  rotating  copiper 
conductors.  There  is  no  electrical  necessity  for  the  iron  core 
inside  the  armature  to  rotate  ;  indeed,  in  some  ways  it  would 
act  more  eflSciently  if  it  did  not.  But  purely  mechanical 
considerations  require  that  in  rotating  armatures  of  both  ring 
and  drum  types  the  core  should  rotate  with  the  coils.  In  all 
dynamos   the  electromotive-force  is    proportional   at  every 
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instant  to  the  rate  at  which  the  magnetic  lines  are  being  cut, 
and  this  will  again  be  proportional  to  three  quantities :  (i)  the 
ms^^netic  flux  or  number  of  magnetic  lines  provided  by  the 
field-magnet ;  (2)  the  number  of  copper  conductors  connected 
together  upon  the  armature  ;  (3)  the  speed  at  which  these  con- 
ductors are  driven.  In  alternate-current  dynamos  the  rate  of 
cutting  is  continually  changing  in  a  regular  periodicity;  in 
continuous-current  machines  the  rate  of  cutting  is  automati- 
cally averaged  and  made  steady  by  the  method  of  grouping  the 
conductors  around  the  ring  or  drum  in  a  re-entrant  circuit,  and 
connecting  to  the  commutator.  It  is  shown  later,  on  p.  282, 
that,  for  continuous -current  dynamos  the  electromotive-force 
generated  in  the  revolving  armature  may  be  calculated  as 
follows : — 

Let  the  speed  of  the  armature,  or  revolutions  per  second,  be 
called  //. 

Let  the  number  of  conductors  that  are  joined  in  series  with 
one  another  around  the  armature  be  called  Z. 

Let  the  number  of  magnetic  lines  which  pass  into  or  out  of 
the  armature  core  from  one  pole  be  called  N. 

Let  the  number  of  volts  of  electromotive-force  generated 
by  the  rotating  armature  be  called  £. 

Then  the  following  formula  holds  good  for  all  ordinary 
parallel-wound  armatures  in  which  the  number  of  paths 
through  the  armature  is  equal  to  the  number  of  poles  : — 

E  =  //xZxN-r  100,000,000, 

Example. — In  a  Kapp  bipolar  dynamo  used  at  the  Technical 
College,  Finsbury,  Z  =  120;  N  =  7,170,000,  at  a  speed  of  780  revs, 
per  min.,  or  13  revs,  per  sec.,  the  whole  electromotive-force  generated 
is  III  volts. 

In  those  armatures  in  which  there  is  adopted  a  "  series- 
grouping,"  or  a  "series-parallel-grouping  "  (see  Chapter  XIII.) 
the  number  of  paths  that  are  in  parallel  through  the  armature 
differs  from  the  number  of  poles,  and  in  these  cases  the  formula 
becomes : — 

E  =  //xZxNx^-i-  100,000,000 ; 

c 
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where  p  Is  the  number  of  poles,  and  c  the  number  of  circuits 
that  are  in  parallel 

For  alternate-current  machines  the  fundamental  formula 
requires  to  be  completed  by  the  introduction  of  two  additional 
factors.  Such  machines  are  usually  multipolar,  with  but  one 
single  circuit  or  path  through  the  armature ;  and  the  total 
effect  must  be  increased  by  multiplying  by  the  number  P  of 
pairs  of  magnetic  poles  that  surround  the  armature.  Or, 
since  the  frequency/ of  the  current  is  equal  to  n  P  it  may  be 
substituted  in  the  equation.  Further,  a  constant  k  must  be 
inserted,  the  numerical  value  of  which  (varying  from  i  •  8  to 
2  •  8  in  actual  machines)  depends  on  the  relative  breadths  of 
the  coils  and  shape  of  the  pole-pieces  employed.  The  general 
formula  for  the  volts  generated  in  any  alternate-current 
machine  will  then  be  : — 

E  =  >txPx«X  ZxN-r  100,000,000. 

Example. — In  a  certain  alternator  built  at  Schenectady,  ^=2*22; 
P  =  12  ;  «  =  3  •  33,  i.e.  200  revs,  per  min. ;  Z  =  960  ;  N  =  2,950,000; 
f  =  40 ;  E  =  2*22  X  40  X  960  X  2,950,000  -r-  10^  =  2500  volts. 

From  the  above  formulae  it  will  be  seen  that  the  electro- 
motive-force at  which  any  dynamo  is  to  deliver  its  current  is 
the  product  of  three  factors  ;  and  it  can  be  increased  by 
increasing  any  one  of  the  three,  or  all  of  them.  In  a  given 
machine  Z  is  a  constant,  and  N,  the  magnetic  flux  per  pole, 
cannot  be  increased  beyond  the  capacity  of  the  iron  core  to 
carry  magnetic  lines.  But  if  it  is  desired  to  design  a  new 
machine,  obviously  any  value  might  be  assigned  to  any  of  the 
three  factors,  provided  the  product  came  to  the  required 
amount.  It  is,  therefore,  a  question  of  expediency  whether  in 
so  designing  a  machine  we  will  increase  any  one  of  the  factors 
rather  than  any  other.  To  increase  N  means  using  a  larger 
cross  section  of  iron,  and  a  correspondingly  big  field-magnet, 
and  therefore  involves  additional  cost  of  iron.  To  increase  Z 
means  increasing  the  weight,  and  therefore  the  cost  of  the 
copper  conductors ;  for  the  section  of  these  depends  on  the 
current  they  have  to  carry,  whilst  the  electromotive-force 
generated  depends  on  their  number,  and  on  the  rate  at  which 
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they  cut  the   magnetic  lines.      Moreover,  experience   shows 
that  thus  increasing  the  quantity  of  copper  upon  an  armature 
core  of   given    size    involves,  when   once   a  certain   liiuit  is 
reached,  the  very  serious  difficulty  that  the  current  cannot  be 
collected  without  sparking  occurring  at  the  brushes.     To  in- 
crease  the    sp>eed   n   involves   mechanical    difficulties   about 
lubrication    and    liability  of  the  parts   to  fly  out ;   in   fact, 
mechanical  considerations  limit  the  speed.     Moreover  in  the 
case  of  alternators  the  speed  of  any  machine  is  fixed  by  the 
prescribed  "  frequency  "  of  the  alternating  currents  which  it  is  to 
deliver.     For  many  years  modern  practice  has  gone  in  the 
direction  of  keeping  the  speed  slow,  and  in  keeping  down  the 
relative  amount  of  copper,  the  quantity  of  iron  being  relatively 
large ;  for  not  only  so  is  the  total  cost  of  the  machine  less  than 
it  would  be  if  the  relative  amounts  of  copper  and  iron  were  re- 
versed, but  the  expense  and  trouble  of  maintenance  is  found  to 
be  less.    Continuous-current  machines  with  a  relatively  massive 
and  powerful  field-magnet  are  less  prone  to  spark,  require  less 
attention    to    regulation,  and    need   fewer  renewals   of   the 
brushes  and  commutator  than  do  those  which  have  a  compara- 
tively weak  field-magnet 

Methods  of  Exciting  the  Field  Magnetism. 

The  five  simple  methods  of  exciting  the  magnetism  that  is 
to  be  utilised  in  the  magnetic  field  may  be  grouped  under  two 
heads,  according  to  whether  the  armature  of  the  machine  sup- 
plies the  machine's  own  magnetism  or  whether  the  magnetism 
is  provided  for  from  some  other  source. 

(i.)  Magneto-machine, — In  the  oldest  machines  there  was  no 
attempt  to  make  the  machine  excite  its  own  magnetism,  which 
was  provided  for  it  once  for  all  by  the  employment  of  a 
permanent  magnet  of  steel.  Unfortunately,  the  permanent 
m^netism  of  steel  magnets,  even  when  after  **  ageing  "  it  has 
settled  down  to  a  constant  value,  is  less  intense  than'the  tem- 
porary magnetism  which  can  be  excited  by  a  coil,  necessitating 
permanent  magnets  of  larger  size  than  electromagnets. 

The  magfteto-electric  machine  or  fPtaguetO'dytiamo,?ididLgTdsn^ 
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matic  drawing  of  which  ts  given  in  Fig.  41,  survives,  indeed, 
in  numerous  small  types  of  machines.  It  has  the  serious  dis- 
advantage of  being  both  heavier  and  bulkier  than  other 
dynamos  of  equal  capacity,  because  hard  steel  cannot  be  perma- 
nently magnetised  to  the  same  high  degree  as  that  to  which 
wrought  iron  or  mild  steel  or  cast  iron  can  be  maintained 
by  an  exciting  current 
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(ii.)  Separately-excited  Dynamo. — It  was  an  obvious  step  to 
substitute  for  steel  magnets,  electromf^ets  excited  by  means 
of  currents  from  some  independent  source  such  as  a  voltaic  bat- 
tery. The  separately-excited  dynamo  (Fig.  42)  comes  therefore 
second  in  the  order  of  development.  Though  used  by  Faraday, 
this  method  did  not  come  into  acceptance  until,  in  1866,  Wilde 
(see  p.  14)  employed  a  small  auxiliary'  magneto-machine  to 
furnish  currents  to  excite  the  field-magnets  of  a  larger  dynamo. 
The  separately-excited  dynamo,  in  common  with  the  magneto- 
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machine,  possesses  the  property  that,  saving  for  armature  re- 
actions, the  magnetism  in  its  field,  and  therefore  the  total 
electromotive-force  of  the  machine,  is  independent  of  changes 
of  resistance  going  on  in  the  external  circuit. 

The  dynamos  of  either  of  the  preceding  kinds  can  be 
governed  in  three  different  ways :  by  altering  the  speed,  by 
putting  the  bnishes  forward  beyond  the  neutral  point,  or  by 
altering  the  magnetic  flux  through  the  armature.  For  long  it 
has  been  the  fashion  to  con- 
trol the  electromotive-force 
of  small  magneto  machines 
by  the  device  of  providing 
a  movable  oiece  of  iron, 
which  could  be  placed  more 
or  less  over  the  noles  of 
the  field-magnet,  serving 
as  a  magnetic  shunt  to 
divert  some  of  the  magnet- 
ism from  the  armature.  In 
the  case  of  separately- 
excited  machines  there 
are  two  other  methods  of 
diminishing  at  will  the  ef- 
fective magnetism,  namely 
by  weakening  the  exciting 
current,  for  example,  by 
introducing  less  resistance 

into  the  exciting  circuit,  or  by  altering  the  number  of  turns 
of  wire  through  which  the  existing  current  circulates  around 
the  field-magnet 

The  elementary  methods  of  making  dynamos  self-exciting 
are  three  in  number:  (i)  the  whole  current  from  the  armature 
may  be  carried  through  field-magnet  coils  that  are  connected 
in  series  with  the  main  circuit ;  (2)  a  portion  of  the  current 
from  the  armature  may  be  diverted  from  the  main  circuit  and 
carried  through  field-magnet  coils  of  somewhat  high  resistance 
connected  as  a  shunt ;  (3)  the  current  required  to  excite  the 
field-magnet  may  be  procured  either  from  a  second  armature 


Fig,  43.— The  Series  Dynamo. 
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revolving  in  the  same  field,  or  (if  the  armature  consists  of 
many  coils)  from  some  of  the  coils  of  the  armature  that  may 
be  separately  joined  up  for  that  purpose. 

(iii.)  Series  Dynamo. — The  series-wound  machine,  or  series 
dynamo  (Fig.  43),  possesses  but  one  circuit  It  has  the  disad- 
vantage of  not  starting  action  until  a  certain  speed  has  been 
attained,  or  unless  the  resistance  of  the  circuit  is  below  a  certain 
limit ;  the  machine  refusing  to  magnetize  its  own  magnets  when 
there  is  too  much  resistance  and  too  little  speed.  The  least 
speed  of  self-excitation  is  a  measure  of  the  goodness  of  its 
magnetic  circuit.  Series-wound  machines  are  also  liable  to 
become  reversed  in  polarity,  a  serious  disadvantage,  and  one 
that  unfits  this  type  of  machine  for  employment  in  electro- 
plating or  for  charging  accumulators.  Any  increase  in  the 
resistance  of  the  series-wound  dynamo  lessens  its  power  to 
supply  current,  because  it  diminishes  the  current  in  the  coils 
of  the  field-magnet,  and  therefore  diminishes  the  amount  of 
the  effective  magnetism.  When  lamps  are  in  series  (as  is 
common  in  an  arc-light  circuit)  in  the  circuit  of  a  series- wound 
dynamo;  the  switching  on  of  an  additional  lamp  both  adds  to 
the  resistance  of  the  circuit  and  diminishes  the  power  of  the 
machine  to  supply  current.  On  the  other  hand,  when  lamps 
aire  in  parallel  across  a  pair  o^  mains  fed  by  a  dynamo,  if  that 
dynamo  is  series-wound,  the  switching  on  of  additional  lamps 
not  only  diminishes  the  resistance  of  the  circuit,  but  causes 
the  field-magnets  to  be  further  excited  by  the  increased  current, 
so  that  the  more  lamps  are  put  on,  the  greater  becomes  the 
risk  of  their  getting  too  great  a  current. 

(iv.)  Shunt  Dynamo, — In  the  shunt-wound  machine(Fig.44) 
the  field-magnet  is  wound  with  many  turns  of  fine  wire,  to 
receive  only  a  small  portion  of  the  whole  current  generated  in 
the  armature.  The  coik  are  connected  to  the  brushes  of 
the  machine,  and  constitute  a  by-pass  circuit  or  shunt  Shunt 
machines  are  less  liable  to  reverse  their  polarity  than  series 
machines.  Owing  to  the  somewhat  greater  cost  of  the  fine 
wire  of  the  shunt  coil,  they  are  slightly  dearer  in  prime  cost 
than  series  machines  of  equal  power,  but  the  expenditure  of 
electric  energy  to  keep  up  the  magnetism  is  alike  in  both 
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cases.     It  requires  the  same  expenditure  of  electric  enet^  to 
magnetize  an  electromagnet  to  the  same  degree,  whether  the 
coil  consists  of  many  turns  of  thin  wire  or  of  a  few  turns  of 
thick  wire,  provided  the  weight  of  copper  used  in  the  coil  be 
alike  in  the  two  cases.    When  a  shunt  machine  is  supplying 
lamps  in  parallel,  the  addition  of  lamps  which  brings  down 
the  net  resistance  of  the  circuit  will  increase  the  current,  but 
not  proportionally,  for  when  the  resistance  of  the  main  circuit 
is  lowered,  a  little  less  current  goes  round  the  shunt  and  the 
magnetism  drops  a  trifle  ; 
nevertheless,    such    a    ma- 
chine   may   regulate   itself 
tolerably  well  if  the  internal 
resistance  of  its  armature  is 
very  small.     The  electro- 
motive-force of  the  shunt 
machine  can  be  controlled 

by  introducing  a   variable  "^ 

resistance  into   the  shunt 
circuit. 

A  variety  of  the  shunt 
method  involves  the  use  of 
a  third  brush,  placed  against 
the  commutator  at  some 
point  intermediate  between 
the  points  of  highest  and 
lowest  potential.  The  ends 
of  the  exciting  coil  are  con- 
nected to  the  third  brush  and  to  one  of  the  ordinary  brushes 
so  that  the  exciting  coil  receives  a  fraction  of  the  volts  gene- 
rated in  the  armature. 

(v.)  Separate-circuit  Self-exciting  Dynamo. — There  is  yet  a 
third  species  (Fig.  45)  of  self-exciting  machine,  in  which  the 
Aeld-magnet  coils  are  arranged  to  form  part  of  a  circuit 
entirely  separate  from  the  main  circuit,  but  are  supplied  with 
currents  from  coils  rotating  in  the  field.  There  are  two  ways 
of  carrying  thb  into  effect :  (l)  a  second  armature  may  be 
made  to  rotate  between  the  same  field-magnets  in  order  to 


Fig.  44.— Thk  Shunt  DvNAHa 
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supply  the  exciting  current,  each  armature  having  its  own 

commutator;  (2)  afew of  thearmature coils  may  be  connected 

up  separately  to  a  special  commutator  to  supply  an  exciting 

current.     The  effect  of  the  separate-coil  method  of  excitation 

is  almost  identical  with  that  of  the  shunt  method,  but  it  has 

the  advantage  that  the  current  thus  taken  off  for  magnetizing 

may  be  taken  at  a  low  voltage  ;   this  being  preferable  in  the 

case  of  machines  for  high  voltages.     For  machines  working  at 

1000  volts  and  over,  the  cost 

of  the  fine  wire  for  winding 

a  shunt  would  be  excessive. 


Any  of  the  five  systems 
enumerated  may  be  applied 
in  continuous-current  ma- 
chines. Alternate-current 
machines  must  be  separ- 
ately-excited; though  there 
are  special  methods  of 
adapting  some  forms  of 
alternator  so  as  to  be  self- 
exciting  and  also  to  be 
self- compounding.  Each 
of  these  five  systems  of 
exciting  the  field  magnet- 
ism has  its  own  merit  for 
special  cases,  but  none  of 
them  is  perfect.  Not  one  of  these  methods »  will  ensure  that, 
with  a  uniform  speed  of  driving,  the  electric  pressure  at  the 
terminals  shall  be  constant  under  all  conditions  of  load. 

If  all  the  lamps  in  the  circuit  of  a  dynamo  were  required 
to  be  kept  alight,  all  being  turned  on  and  turned  off  at  once— 
in  other  words,  if  the  output  of  the  machine  were  constant- 
it  would  matter  little  how  the  magnetism  of  the  field-magnet 
was  excited,  whether  in  main  circuit  or  in  shunt,  provided  the 

'  An  exciplion  exists  in  the  ease  of  a  ihunt-wound  machine  if  provided  willi 
Sajers'  special  de»ice  for  enabling  the  bnithes  w  be  sel  wish  a  backward  lead. 
See  p.  37a 


Physical  Theory  of  Dynamo-Electric  Machines.    67 

speed  were  kept  constant  But  for  systems  with  a  variable 
load,  none  of  the  simple  methods  of  excitation  enumerated 
above  will  insure  regularity  of  pressure  in  the  electric  supply. 

Thanks,  however,  to  the  invention  of  combinations  of 
windings,  machines  can  be  made  which,  when  driven  at  a 
constant  speed,  give  out  their  current  at  a  constant  pressure. 
These  methods  are  carefully  developed  in  Chapter  XI.  They 
are  briefly  described  here  also,  so  as  to  complete  our  summary 
of  the  methods  of  exciting  the  field-magnrts. 

Constant  Pressure  and  Constant  Current. — There  are  two 
distinct  cases  for  which  self-regulation  is  required. 

As  the  function  of  a  dynamo  is  to  feed  with  sufficiency 
and  regularity  a  system  of  lamps,  and  as  those  lamps  are 
usually  in  practice  *  arranged  either  in  parallel  or  in  series,  it 
is  clear  that  in  the  former  case  there  is  required  a  constant 
electric  pressure  ox  difference  of  potentials  between  the  mains, 
in  other  words  an  invariable  voltage ;  while  in  the  later  case 
there  is  needed  a  constant  current^  or  in  other  words  an  un- 
varying number  of  amperes.  Distribution  in  series  is  exceed- 
ingly rare.  It  has  been  hitherto  found  impracticable  to  devise 
any  mode  of  compound  winding  which  will  be  self-regulating 
for  maintaining  an  unvarying  current.  Other  modes  of  regu- 
lation are  resorted  to  in  the  case  of  machines  for  series  arc 
lighting  for  which  an  unvarying  current  is  needed.  In 
almost  all  cases,  whether  for  lighting  or  power,  the  aim  is 
to  make  the  generators  maintain  a  constant  voltage  in  the 
mains. 

Suppose  a  dynamo  to  have  an  armature  of  zero  internal 
resistance,  without  demagnetizing  reactions,  and  to  have  its 
field-magnets  excited  from  some  independent  constant  source. 
At  a  constant  speed  it  would  give  a  constant  potential  at  its 
terminals  whatever  the  resistance  in  the  circuit  But  if  it  has 
internal  resistance,  the  external  pressure  will  be  less  than  the 

*  Occasionally  incandescent  lamps  are  arranged  with  two,  three  or  more  lamps 
in  series,  a  number  of  such  series  being  united  in  parallel  across  mains  that  are 
kept  at  a  constant  voltage.  Less  frequently  a  few  lamps  all  in  parallel  with  one 
another  are  inserted  in  the  circuit  of  a  series  of  arc  lamps  through  which  a 
corrent  of  constant  strength  is  maintained.  In  any  case,  distribution  must  fall 
under  one  or  other  of  the  two  cases  considered. 

F   2 
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whole  electromotive-force,  and  the  discrepancy  will  be  greater 
according  as  the  internal  resistance  and  the  current  are 
greater ;  and  if,  as  the  load  increases,  there  are  armature 
reactions  which  tend  to  demagnetize  the  field-magnets,  there 
will  be  a  still  further  drop  in  the  pressure  in  the  mahis.  No 
separately-excited  or  shunt  machine  can  therefore  be  self- 
regulating.  The  drop  in  the  volts  due  to  internal  resistance 
and  to  armature  reaction  is  nearly  proportional  to  the  current 
taken  from  the  machine,  being  large  when  the  current  is  large, 
and  small  when  the  current  is  small.  Hence  we  may  arrange 
to  compensate  these  effects  by  an  increase  of  the  magnetism 
that  shall  also  be  proportional  to  the  current  This  is  done  by 
winding  on  a  field-magnet  a  few  turns  of  thick  wire,  or  of  copper 
strip,  to  carry  the  current  on  its  way  from  the  armature  to  the 
lamps.  Such  additional  windings  are  called  compound  wind- 
ing, or  compounding  coils  ;  and  a  machine  provided  with  this 
additional  winding  is  called  a  compound-wound  dynaino  or  a 
compounded  machine.  It  will  then  give,  within  certain  limits, 
a  constant  difference  of  potentials  at  its  terminals.  For  distribu- 
tion at  a  constant  pressure,  the  following  alternatives  are 
therefore  possible : — 

I.  Non-automatic  methods. 

(a)  Separately  excited  dynamos,  with  hand  regu- 
lators for  raising  the  excitation  as  the  load  increases, 
and  for  lowering  it  as  the  load  falls. 

(d)  Shunt  dynamos,  with  similar  hand  regulation 
in  their  shunt  circuits. 

(c)  Either  of  the  above,  with  constant  excitation, 
but  with  some  means  for  artificially  raising  the  speed 
by  a  few  per  cent,  as  the  load  increases. 

II.  Automatic  met/iod. 

(a)  Separately-excited  dynamo,  wfth  a  compound 
winding  on  its  field-magnets. 

(b)  Shunt  dynamo,  with  a  compound  winding  on 
its  field-magnets. 

III.  Booster  methods.     See  Chapter  XXIV. 
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Methods  of  Compounding  to  give  Constant 

Voltage. 

The  following  combinations  are  possible  solutions  of 
the  problem  of  maintaining  constant  the  voltage  under  a 
varying  load. 

(i)  Separate  and  Series  (Deprez). — A  separate  and  con- 
stant excitation  is  provided  from  some  independent  source, 
so  as  to  bring  up  the  volts  on  open  circuit  to  the  required  pres- 
sure.    The  additional  exci- 
tation needed  to  raise  the 
magnetism,  so  as   to  com- 
pensate   for    the    drop    in 
voltage  that  would  other- 
wise occur,  is  provided  by 
an  additional  series  coil  or 
compound  winding,  as  indi- 
cated in  Fig.  46. 

(2)  Separate-coil  and 
Series,  —  This  method  is 
not  much  used.  For  alter- 
nate-current dynamos  a 
modification  of  it  has  been 
used  with  success,  the 
**  series "  or  main-circuit 
excitation  being,  in  this 
case,  replaced  by  an  ex- 
citation   derived   from   the 

main  current  by  means  of  a  small  transformer,  and  rectified 
by  a  commutator. 

(3)  Magneto  with  auxiliary  compounding  machine. — The 
initial  excitation  may  be  that  of  a  permanent  magnet  of  steel : 
but  Professor  Perry  suggested  the  more  general  solution  of  in- 
troducing into  the  circuit  of  a  magneto-machine  (driven  at  a 
uniform  speed  and  such  that  it  produces  in  the  circuit,  at  no- 
load,  the  pressure  which  it  is  desired  should  be  maintained)  a 
small  series-wound  machine,  which  is  also  driv^en  at  a  constant 


Fig.  46.— Combination  of 
Separate  and  Series. 
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speed,  and  which,  as  the  load  in  the  circuit  is  increased,  will 
correspondingly  generate  an  additional  voltage  proportional 
to  the  amperes,  and  therefore  capable  of  compensating  for 
the  drop  that  would  otherwise  occur.  This  plan,  which  is 
applicable  also  if  a  separately-excited  or  shunt- wound  dynamo 
is  substituted  for  the  magneto-machine,  is  the  essential 
principle  of  the  booster, 

(4)  Shunt  and  Series. — A  dynamo  having  its  coils  wound 
as  in  Fig.  47,  so  that  the  field-magnets  were  excited  partly  by 

shunt  current  diverted  from 
the  main  circuit,  and  partly 
by  thick  wire  coils  in  series 
with  the  armature,  was  used 
by  Brush  as  early  as  1878. 
The  voltage  will  depend 
upon  the  degree  to  which 
the  magnetism  is  excited 
when  the  shunt  is  acting 
alone  on  open  circuit.  This 
is  the  arrangement  com- 
monly known  as  the  com- 
ponud'Wound  dynamo. 

By  increasing  the  num- 
ber of  turns  of  wire  in  the 
compounding  coils  it  is 
possible  to  over-compen- 
sate for  the  drop  of  voltage  ; 
with  the  effect  that  the 
voltage  at  the  terminals  of  the  machine  will  actually  rise  a 
little  at  full  load.  Such  machines  are  described  as  over- 
compounded.  Over-compounding  is  useful  in  certain  cases  to 
compensate  for  a  drop  in  the  voltage  of  the  distributing 
system  :  for  example,  in  the  case  of  tramway  generators  in 
order  to  maintain  constant  the  voltage  at  some  distant  point 
to  which  feeding  mains  run. 


Fig.  47.— Shunt  and  Seriks. 
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CHAPTER  IV. 

MAGNETIC   PRINCIPLES  ;    AND  THE  MAGNETIC 

PROPERTIES  OF  IRON. 

As  all  dynamo-electric  machines  are  based  on  magnetic 
principles,  it  i«  needful  that  these  should  be  understood  fully. 
If  we  once  know  the  relation  that  subsists  between  the  exciting 
current  and  the  magnetism  that  is  produced  by  it,  we  can 
apply  this  knowledge  to  the  design  of  dynamos  :  for  such 
knowledge  will  enable  us  to  calculate  beforehand  the  size  of 
field-magnet  and  the  number  and  gauge  of  windings  that  will  * 
be  required  in  a  dynamo  that  is  to  furnish  any  given  amount 
of  electric  energy.  It  will  be  necessary  first  to  define  the  terms 
used;  then  we  shall  give  some  account  of  the  facts  relating  to 
the  magnetic  circuit,  and  of  the  properties  of  iron  and  steel  of 
different  kinds. 


Definitions  and  General  Properties.^ 

Unit  Magnetic  Pole, — The  unit  magnetic  pole  is  one  of 
such  a  strength,  that  when  placed  at  a  distance  of  i  centimetre 
(in  air)  from  a  pole  of  equal  strength,  it  repels  it  with  a  force 
of  I  dyne. 

Intensity  of  Magnetic  Field, — We  have  seen  in  Chapter  III. 
that  every  magnet  is  surrounded  by  a  certain  "  field,*'  within 

^  It  is  strongly  recommended  that  the  reader  should  make  himself  familiar 
with  the  elementary  theory  of  magnetic  phenomena.  The  author*s  Elementary 
LajJtts  in  Electticity  and  Magnetism^  pubhshed  by  Messrs.  Macmillan  and  Co., 
will  explain  the  terms  and  fundamental  facts.  The  author's  work  on  Tht  Electro^ 
magnel,  published  by  Messrs.  £.  &  F.  N.  Spon,  Ltd.,  contains  a  fuller  account  of  the 
magnetic  properties  of  iron,  and  the  design  and  construction  of  electromagnets. 
Prof.  Ewlng's  work  on  Magnetic  Induction  in  Iron  and  othtr  Metals  is  a  standard 
book  of  reference.     See  also  Dn  Bois'  The  Magnetic  Circuit, 
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which  magnetic  force  is  observable.  T/ie  "  intensity  of  the 
field  *^  at  any  point  is  measured  by  the  force  with  which  it  acts  on 
a  unit  magnetic  pole  placed  at  that  point.  Hence,  unit  intensity 
of  field  is  that  intensity  of  field  which  acts  on  a  unit  pole  with  a 
force  of  one  dyne.  There  is  therefore  a  field  of  unit  intensity 
at  a  point  one  centimetre  distant  from  the  pole  of  a  magnet 
of  unit  strength.  Suppose  a  magnet  pole,  whose  strength  is  /«, 
placed  in  a  field  at  a  point  where  the  intensity  is  K,  then  the 
force  will  be  m  times  as  great  as  if  the  pole  were  of  unit 
strength,  and  the  amount  of  the  force  (in  dynes)  can  be  cal- 
culated by  multiplying  together  the  strength  of  the  magnetism 
of  the  pole  and  the  intensity  of  the  field  ;  or, 

/  =  ;«  X  3f  , 

The  unit  of  intensity  of  a  field  is  called  one  gauss. 

Magnetic  Lines. — It  is  possible,  in  every  magnetic  field,  to 
draw  through  any  point,  a  line  in  such  a  direction  that  it 
represents  the  direction  of  the  magnetic  force  at  that  point  of 
the  field.  The  iron  filing  curves  formed  round  magnets  (Fig.  i6, 
p.  39)  show  the  forms  of  the  otherwise  invisible  magnetic 
lines.  Even  when  such  lines  are  not  actually  drawn,  they  may 
be  supposed  to  be  drawn  ;  we  may  even  conceive  the  whole 
of  the  space  in  the  magnetic  field  to  be  traversed  by  such 
lines.  Faraday  was  the  first  to  give  a  quantitative  significa- 
tion to  the  conception  of  magnetic  lines.  We  may  use  then^ 
to  specify  not  only  the  direction^  but  also  the  magnitude  oi  the 
magnetic  forces  by  adopting  the  following  convention  : — Let 
there  be  drawn  as  many  lines  per  square  centimetre  of  cross 
section  of  the  field  as  tftere  are  dynes  of  force  {on  a  unit  pole) 
at  the  point  in  question.  The  symbol  %  may  then  be  read  to 
mean  eit/ier  the  number  of  dynes  on  a  unit  pole,  or  the  number 
of  lines  per  square  centimetre  in  air  ;  it  also  may,  as  we  shall 
presently  see,  be  read  to  mean  the  amount  of  magnetomotive- 
force  exerted,  per  centimetre  of  length,  along  the  field. 

The  convention  of  magnetic  lines  enables  us  to  see  more 
clearly  what  is  meant  by  magnetic  flux ;  for  looking  at  Fig.  16 
we  see  the  lines  issuing  from  one  pole  of  the  magnet  like  a 
stream  spreading  out  over  the  surrounding  space  and  flowing 
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in  at  the  oppK)site  pole.  Just  as  the  total  number  of  stream- 
lines of  a  liquid  remains  the  same  throughout  the  whole  path, 
so  the  total  number  of  lines  of  a  magnet  passing  through  a 
section  of  the  path  is  the  same  whatever  section  we  take,  pro- 
vided that  our  section  cuts  across  the  whole  of  the  path.  This 
total  number  is  called  the  magnetic  flux,  and  is  symbolized  *  by 
the  letter  N. 

If  the  area  of  section  of  this  core  is  denoted  by  the  letter  A , 
the  density  of  the  magnetic  ftux  will  be  equal  to  N  -r  A. 
When  the  sectional  area  is  given  in  square  inches  the  letter  used 
to  denote  the  flux-density  (i.e.  the  number  of  magnetic  lines 
per  square  inch),  is  B.  In  cases  where  the  area  is  given  in 
square  centimetres,  the  letter  used  for  the  flux-density  will 
be  S.  The  magnetizing  forces  required  to  excite  any  re- 
quired flux-density  in  the  magnetic  circuit  of  a  dynamo  are 
obtained  by  causing  an  electric  current  to  circulate  around 
the  iron  core.  It  is  found  that  the  magnetizing  force  thus 
produced  is  proportional  both  to  the  amount  of  current  (i.e. 
the  number  of  amperes)  so  flowing,  and  to  the  number  of 
times  it  circulates  around  the  core  (i.e.  the  number  of  turns  in 
the  magnetizing  coil).  In  other  words,  the  magnetizing  force 
is  proportional  to  the  number  of  ampere-tunis.  For  brevity 
we  sometimes  describe  the  total  number  of  ampere-turns  of 
circulation  of  current  around  a  core  as  **  the  excitation^  It 
goes  without  saying  that  the  higher  the  flux-density  required, 
and  the  greater  the  length  of  the  iron  through  which  the 
magnetic  flux  is  to  be  driven,  the  greater  is  the  amount  of 
excitation  needed.  To  drive  a  magnetic  flux  through  air 
requires  a  much  greater  amount  of  excitation  than  is  required 
for  an  equal  flux-density  through  an  equal  length  of  iron. 
The  coefficients  used  in  calculating  air-gaps  are  mentioned  on 
p.  92.  For  example,  suppose  it  was  stated  that  the  magnetiz- 
ing forces  were  such  in  some  case  that  3t  =  50,  this  would  mean 
that  they  were  so  strong   that  if  applied  to  a  layer -of  air 

*  Many  continental  writers  adopt  the  symbol  4>  ^o^  the  magnetic  flux,  in 
deBance  of  the  recommendations  of  the  Frankfurt  Congress  of  189 1  that  Greek 
letters  shonld  be  used  onljr  for  angles,  and  for  coefficients  such  as  specific  resist- 
ance, permeability,  &c. 
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I  centimetre  thick  they  would  produce  in  the  air  a  flux-density 
of  50  lines  per  square  centimetre.  If  applied  to  an  equal 
length  of  iron,  the  resulting  flux-density  S  would  be  immensely 
greater,  since  iron  is  much  more  permeable  magnetically. 
The  ratio  of  eB  to  }(  in  any  material  is  called  \X,%  permeability. 

Magnetic  Units, — The  line  is  thus  the  unit  of  magnetic 
flux,  and  as  it  is  a  very  small  unit  it  will  be  convenient  to  use 
with  it  the  prefixes  kilo  and  mega  ;  one  kiloline  being  1000 
lines,  and  one  megaline  being  1,000,000  lines.  The  Paris 
Congress  of  1930  adopted  the  xvaxv.^  gauss  as  that  of  the  unit 
of  intensity  of  field,  one  gauss  signifying  one  line  per  square 
centimetre.  The  same  Congress  also  named  one  line  as  one 
maxwell^  but  everybody  still  uses  the  term  line. 

British  engineers  generally  prefer  to  describe  the  inten- 
sities of  magnetic  fields  in  lines  per  square  inch,  instead  of  in 
gausses.  An  intensity  of  one  gauss  equals  6*45  lines  per 
square  inch. 

The  American  Institute  of  Electrical  Engineers  has  proposed 
the  mme gilbert  for  the  C.G.S.  unit  of  magnetomotive-force  ; 
being  equal  to  io-r4'5Tof  an  ampere-turn.  To  convert 
ampere-turns  into  gilberts,  one  must  multiply  by  4'7r  -r  10,  or 
by  1-257. 

Magnetic  Circuit. — The  lines  pass  through  the  bar-magnet, 
Fig.  16,  as  well  as  the  surrounding  space,  and  thus  make  a 
complete  magnetic  circuit.  If  the  ends  of  the  bar  were  bent 
round  and  joined,  so  as  to  form  a  completely  continuous  ring, 
then  all  the  lines  would  circulate  within  the  metal  of  the 
magnet,  and  none  in  the  air  surrounding  it.  We  should  then 
speak  of  the  ring  as  a  closed  magnetic  ciraiit.  In  the  dynamo 
we  try  to  attain  this  metallic  continuity  of  the  circuit  as  nearly 
as  possible,  consistently  with  the  movability  of  the  rotating 
parts. 

Though  the  definition  of  a  magnetic  line  in  the  air  is  con- 
nected with  the  force  upon  a  magnetic  pole,  we  are  not  so 
much  concerned  (while  considering  dynamos),  with  the  forces 
(exerted  on  poles  by  the  lines),  as  with  that  other  phenomenon, 
the  induction  of  an  electromotive-force  when  a  conductor  is 
moved  across  the  lines.     Indeed,  though  we  have  said  that 
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the  magnetic  lines  are  continuous  throughout  the  entire  circuit, 
it  is  really  only  in  so  far  as  their  property  of  generathig  an 
electromotive-force  is  concerned,  that  they  can  be  regarded  as« 
continuous ;  for  the  force  inside  a  magnetic  material^  such  as 
iron,  is'tiot  represented  by  the  number  of  magnet  lines  per 
square  centimetre,  as  will  be  shown  when  we  come  to  speak 
of  magnetomdtive-force.  It  is  only  in  air,  and  equally  non-. 
magnetic  substances  that  the  force  is  represented  by  the 
number  of  lines  per  square  centimetre.  We  therefore  rather 
use  the  expression  **  magnetic  lines,"  when  speaking  of  the 
flux  through  magnetic  material,  in  contrast  to  "  the  lines  of 
force  "  which  emerge  into  the  air.  The  two  are  continuous 
throughout  the  circuit,  and  in  the  air  the  magnetic  lines  are 
the  lines  of  force  Where  the  lines  which  represent  the  direc- 
tion and  amount  of  any  vector  quantity,  as,  for  example, 
magnetic  lines  or  lines  of  electric  flow,  are  closed  on  them- 
selves so  as  to  form  a  circuit,  the  distribution  of  the  vector 
quantity  is  said  to  \i^  circuital.  The  number  of  magnetic  lines 
per  centimetre  of  cross  section  of  the  magnetic  material  is 
aptly  called  the  Jlitx-density^  and  is  usually  denoted  by  08. 
The  magnetic  force  in  the  materia]  is  as  before  denoted  by  3C 
which  in  fact  represents  the  number  of  magnetic  lines  that 
would  exist  in  the  space  if  the  magnetic  material  were  re- 
placed by  air  while  the  same  causes  producing  magnetization 
still  existed. 

Th^  idea  of  a  magnetic  circuit  was  more  or  less  familiar  to 
electricians  fifty  years  ago.  Faraday  ^  considered  that  he 
\i2id  proved  ihdX  each  magnetic  line  constitutes  a  closed  curve  ; 
that  the  path  of  these  closed  curves  depended  on  the  magnetic 
conductivity  of  the  masses  disposed  in  proximity  ;  that  the 
magnetic  lines  were  strictly  analogous  to  the  lines  of  electric 
flow  in  an  electric  circuit.  He  spoke  of  a  magnet  suriounded 
by  air  being  like  unto  a  voltaic  battery  immersed  in  water. 
He  even  saw  the  existence  of  a  power,  analogous  Jto  that 
of  electromotive-force  in  electric  circuits,  though   the  name 

*  Experimental  Researches,  vol.  iii.  arts.  31 17,  3228,  3230,  3260,  3271,  3276, 
3294  and  3361. 
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magnetomotive-force  is  of  more  recent  origin.  The  same  idea 
is  more  or  less  implicitly  recognised  in  the  latter  half  of  the 
magnetic  papers  in  Lord  Kelvin's  collected  volume  on  Electro- 
statics and  Magnetism.  Rowland^  in  1873  expressly  adopted 
the  reasoning  and  language  of  Faraday's  method  in  the  work- 
ing out  of  some  new  results  on  magnetic  permeability,  and 
pointed  out  that  the  flow  of  magnetic  lines  of  force  through 
a  bar  could  be  subjected  to  exact  calculation  ;  the  elementary 
law,  he  says,  "  is  similar  to  the  law  of  Ohm."  Writing  R  for 
the  "  resistance  to  lines  of  force,"  M  for  "  magnetizing  force  of 
helix,"  and  Q  for  number  of  "  lines  of  force  in  a  bar  at  any 
point,"  he  wrote,  for  a  particular  case  (a  ring-magnet,  having 
therefore  a  closed  magnetic  circuit;,  the  equation, 

an  equation  for  magnetic  circuits  which  every  electrician  will 
recognise  as  being  precisely  like  Ohm's  law.  He  applied  the 
calculations  to  determine  the  permeability  of  certain  specimens 
of  iron,  steel  and  nickel.  In  1882,^  and  again  in  1883,^  R.  H. 
M.  Bosanquet  brought  out  at  greater  length  a  similar  argu- 
ment, employing  the  extremely  apt  term  magnetomotive-force^ 
to  connote  the  force  tending  to  drive  the  total  flux  of  mag- 
netic lines  through  the  magnetic  resistance  (or  reluctance^  as 
Heaviside  has  termed  it),  of  the  circuit.  In  these  papers  the 
calculations  were  reduced  to  a  system,  and  deal  not  only  with 
the  specific  properties  of  iron,  but  with  problems  arising  out 
of  the  shape  of  the  iron.  Bosanquet  showed  how  to  calculate 
the  several  reluctances  of  the  separate  parts  of  the  circuit,  and 
then  add  them  together  to  obtain  the  total  reluctance  of  the 
magnetic  circuit.  In  1884  Rowland  gave  similar  formulae  for 
the  field-magnets  of  dynamos. 

*  Phik  Mag,f  series  iv.  vol.  xlvi.  August  1873.  "On  Magnetic  Permeability 
and  the  Maximum  of  Magnetism  of  Iron,  Steel,  and  Nickel." 

'  froc,  Roy,  Soc,  xxxiv.  445,  December  1882. 

'  PAit,  Afa^,,  series  v.  vol.  xv.  205,  March  1883.  "On  Magneto-motive 
Force."  Also  tdid.,  vol.  xix.  February  1885 ;  and  Prac,  Roy,  Soc.,  No.  223, 
1883.    See  also  Electrician^  xiv.  291,  February  14,  1885. 
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In  1886,  Mr.  Gisbert  Kapp,*  and  independently  Drs.  J.  and 
E.  Hopkinson,^  introduced  magnetic-circuit  calculations  into 
the  designing  of  dynamo-electric  machines.  These  we  shall 
further  consider  on  p.  108. 

We  have  seen  that  N,  the  magnetic  flux  flowing  out  of  or 
into  one  pole  of  the  field-magnet,  is  an  important  quantity  in 
the  determination  of  the  electromotive-force  of  a  dynamo. 
As  the  amount  of  this  flux  depends  on  (i.)  the  magneto-motive 
force,  and  (ii.)  the  reluctance  of  the  magnetic  circuit,  it  is 
necessary  to  give  some  consideration  to  these  two  quantities. 

I.  Magnetomotive- Foy-ce 
or  Total  Magnetizing  Power 
of  Electric  Current  circula- 
tion in  a  Coil. — It  is  found 
that  when  a  current  flows 
along  in  a  wire  that  is  coiled 
in  several  turns  around  a 
core  (Fig.  48).  and  is  thus 
made  to  circulate  around 
an  interlinked  magnetic 
circuit,  the  magnetizing 
power  is  proportional  both 
to  the  strength  of  the 
current  so  circulating  and  • 

to  the  number  of  turns  in  the  coil.  The  magnetizing  power 
is  independent  of  the  size  or  material  of  the  wire,  and  of 
Its  shape,  and  is  the  same  whether  the  spirals  are  close  to- 
gether or  wide  apart.  If  S  stand  for  the  number  of  spirals  in 
the  coil,  and  C  be  the  number  of  amperes  of  current  that 
are  flowing,  then  C  multiplied  by  S  will  be  the  number  of 
ampere-turns  of  circulation  of  current.  It  is  experimentally 
proved  that  twenty  amperes  circulating  around  five  turns 
exert  precisely  the  same  magnetizing ^power  as  one  ampere 
circulating  one  hundred  times,  or  as  one  hundred  annperes 
circulating  once  around  the  core.     In  each  of  these  cases  the 

*  Journal Soc,  Telegraphic  Engineers  and Electricians^xy,  524-529,  November 
II,  1886.    '*  On  the  Predetermination  of  the  Characteristici  of  Dynamos." 
'  PhiL  Tram.^  part  i.  p.  331,  1886. 


Fig.  48.— Magnetizing  Coil  wound 
AROUND  A  Ma  ;netic  Circuit. 
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circulation  of  current  is  one  hundred  ampere-turns.  To  calcu- 
late from  this  the  value,  in  absolute  C.G.S.  units,  of  the 
magnetomotive-force,  it  is  requisite  to  multiply  the  ampere- 
turns  by  ^  7r,  or  by  I  '257.     Or,  in  symbols, 

Magnetomotive-force  =  1*257  x  C  S. 

It  is  possible  to  avoid  the  use  of  this  multiplier  by  taking 
the  ampere-turns  themselves  as  the  magnetomotivcyforce. 
Indeed,  this  is  the  way  adopted  in  practical  calculations  ; 
see  Chapter  VI.,  below. 

Some  writers*  call  the  magnetomotive-force  the  ''line- 
integral  of  the  magnetic  forces."  The  reason  is  as  follows  : — 
In  a  field  of  intensity  3f,  a  unit  magnetic  pole  experiences  a 
force  numerically  equal  to  3f ;  and  if  the  unit  were  moved 
against  this  force  once  around  a  closed  path  of  length  /  (like 
the  dotted  line  in  F'ig.  48),  the  work  done  would  measure  the 
integral  magnetic  force.  Hence  along  a  length  /  in  a  field 
of  intensity  K  the  magnetomotive-force  is  equal  to  3C  X  /. 
Hence  it  also  follows  that  the  intensity  of  the  field  along  a 
uniformly  wound  coil  is  expressed  by  the  formula : — 

K  =  I -257  X  CS-f  /. 

In  other  words  Jt  is  proportional  to  the  ampere-turns  per 
unit  of  length. 

This  formula  would  enable  one  to  calculate  the  intensity  of 
the  field  3C  down  the  middle  of  a  long  solenoid,  the  bobbin 
of  which  being  /  centimetres  long,  carried  S  turns  of  wire  in 
which  the  current  was  C  amperes. 

Transposing,  we  find  that  the  number  of  ampere-turns 
per  centimetre  of  length  will  have  the  value 

/         47r 

And,  as  I  inch  =  2  •  54  centimetres,  we  shall  have  for  the 
number  oi  ampere-turns  per  inch  length  of  material,  the  value 

CS^2j4^iiPjf^2.02K. 

/  4  7r 

*  Sec  Maxwell's  Electricity  and  Magnetism ^  vol.  ii.  ait.  499  ;  or  S.  P.  Thomp- 
son's Elementary  Lesions  on  Electricity  and  Magnetism  (edition  of  1900),  p.  334. 
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Hence,  if  we  have  already  got,  for  any  specimen  of  iron,  the 
curve  connecting  S  and  3C,  we  can  at  once  change  the  K 
values  for  the  more  convenient  ampere-turns  per  inch  by 
changing  the  scale  of  the  abscissae ;  the  point,  for  example, 
marked  50  on  the  li  axis  will  now  read  10 1  on  the  scale  of 
ampere-turns  per  inch. 

In  fact  K  multiplied  by  0*7958  gives  the  number  of  ampere- 
turns  per  centimetre  of  magnetic  path.  Or  %  multiplied  by 
2 '02  gives  the  number  o{  ampere-Uirns  per  inch. 

Examples. — (i.)  A  solenoid  which  is  24  inches  long  is  wound 
with  400  turns  of  wire  and  is  traversed  by  16*5  amperes.  What 
will  be  the  intensity  of  the  field  at  the  middle  of  the  tube?  The 
ampere-turns  are  16 '5  x  400  =  6600  ;  the  ampere-turns  per  inch 
are  275  ;  and  dividing  by  2*02  gives  K  =.  136*  i  gausses. 

(ii.)  In  the  above  solenoid,  what  current  will  produce  a  field  of 
intensity  K  =  100  gausses?  This  will  require  100  x  2*02  =  203 
ampere-turns  per  inch ;  or  202  x  24  =  4848  ampere-tums  in  total. 
Dividing  4848  by  400  gives  the  required  current  as  12*12  amperes. 

It  is  clear  that  we  may  read  such  an  expression  as  3C  =s  50 
in  several  ways.  It  may  be  read  (i)  that  the  intensity  of  the 
field  is  50  gausses  ;  or  (2)  that  the  field  will  be  such  that  it 
would  exert  a  force  of  50  dynes  on  unit  pole  ;  or  (3)  that  its 
intensity  would  be  represented  by  50  lines  per  square  centi- 
metre in  air ;  or  (4)  that  there  is  a  magnetomotive-force  of 
50  gilberts  per  centimetre;  or  (5)  that  there  will  be  required, 
approximately,  50  ampere-turns  for  each  half-inch  of  length. 

There  are  some  analogies  between  a  magnetic  circuit  and 
an  electric  circuit,  which  considerably  simplify  the  magnetic 
principles  relating  to  dynamo  construction.* 

Just  as  there  are  some  materials  which  conduct  the  electric 
current  better  than  others,  so  there  are  some  materials  which 
conduct  the  magnetic  flux  better  than  others.     The  reluctance 

'  It  should  be  observed  that,  though  for  the  purpose  of  this  simplification,  it  is 
allowable  to  draw  an  analog}'  between  an  electrie  circuit  and  a  magnetic  circuit, 
the  true  magnetic  analogue  of  an  electric  circuit  (in  which  energy  is  being  con- 
tinually transported)  would  be  a  circuit  in  which  energy  is  being  transported  by 
the  passage  of  "  free  magnetism  ; "  but  no  conductors  of  magnetism  in  this  sense 
are  as  yet  known. 
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or  resistance  of  a  circuit  in  each  case  is  proportional  to  the 
length  of  the  path,  to  the  reluctivity  or  resistivity  of  the  mate- 
rial, and  inversely  proportional  to  the  cross  section  of  the 
path.  Just  as  in  a  battery  the  total  electromotive-force  is 
made  up  of  the  separate  electromotive-forces  of  all  the  cells 
joined  in  series,  so  the  total  magnetomotive-force  in  a  mag- 
netic circuit  is  the  sum  of  the  magnetomotive-forces  sepa- 
rately produced  by  each  coil  of  wire.  If  the  magnetic 
circuit  is  branched  (as  in  the  Manchester  dynamo  shown  in 
Fig.  60,  No.  24),  then  the  coils  on  the  separate  branches  do 
not  have  their  forces  added  together,  but  are  analogous  to 
batteries  placed  in  parallel  with  each  other. 

We  have  a  difference  of  magnetic  potential  between  the 
ends  of  core  wound  with  a  magnetizing  coil  just  as  we  have 
a  difference  of  electric  potential  at  the  terminals  of  a  cell.  As 
we  go  along  the  magnetic  circuit  the  potential  falls  by  an 
amount  equal  to  the  reluctance  of  the  path  multiplied  by  the 
total  flux.  The  iron  inside  a  magnetizing  coil  may  be  said  to 
be  for  the  purpose  of  diminishing  its  ** internal**  reluctance. 
We  have  stout  iron  frames  for  our  dynamos  in  order  that  the 
magnetic  pressure  of  the  coils  may  be  transferred  to  the 
armature  without  appreciable  "  drop."  The  fall  of  magnetic 
potential  in  a  column  of  air  per  centimetre  of  length  is  numeri- 
cally equal  to  the  flux-density.  Therefore,  to  calculate  the 
magnetomotive-force  necessary  to  create  a  certain  flux-density 
in  a  certain  air-space,  we  have  only  to  multiply  the  flux- 
density  by  the  length  of  the  air-space. 

Thus  to  produce  a  flux-density  of  10,000  lines  per  square 
centimetre  in  an  air-gap  i  centimetre  in  length  will  require  a 
magnetic  pressure  of  10,000  units,  the  unit  being  the  magneto- 
motive force  required  to  produce  unit  flux-density  in  an  air- 
space I  centimetre  in  length.  One  ampere-turn  produces 
a  magnetomotive-force  of  4  7r-^  10  gausses,  so  that  to  produce 
a  flux-density  of  10,000  in  an  air-gap  i  centimetre  in  length 

10  000 
will  require  —^-     ampere-turns.     We  might  calculate  the 

ampcre-tums  required  on  a  dynamo  fleld-magnet  by  multiply- 
ing the  flux-density  by  the  total  length  (in  centimetres)  of  air- 


Magnetic  Principles.  8i 

^ap  and  dividing  by  1*257,  and  then  add  sonie  further  turns 
to  make  up  for  the  drop  in  magnetic  potential  in  the  iron 
circuit ;  but  it  is  more  usual  to  find  the  total  reluctance  of  the 
circuit  and  multiply  by  the  total  flux  in  the  manner  shown  in 
Chapters  VI,  and  XIX. 

2.  Reluctance  of  Maputic  Circuit  —  We  have  seen  that, 
other  things  being  equal,  the  total  flux  in  a  circuit  is  inversely 
proportional  to  the  reluctivity  of  the  materials  of  which  it  is 
composed  ;  it  is  directly  proportional  to  ^^permeability  which 
is  the  reciprocal  of  reluctivity. 

The  permeability  of  a  material  is  the  numerical  coefficient 
which  expresses  the  ratio  between  flux-density  £,  and  the 
magnetizing  force  ^  X-  For  instance,  if  a  column  of  air  is 
-subjected  to  a  magnetizing  force  }(,  the  number  of  magnetic 
lines  per  square  centimetre  of  cross  section,  in  other  words,  the 

flux-density  SB  is  equal  to  3t ;  therefore  the  ratio  ^  =  i   and 

Hi 

we  say  the  permeability  of  the  air  is  i.     If  we  take  a  piece 

of  iron  and  subject  it  to  the  same  magnetizing  force  Tli  we  find 

that  oB  is  very  much  greater.     For  example,  a  certain  specimen 

of  iron,  when  subjected  to  a  magnetic  force  capable  of  creating, 

ixi  air,  50  magnetic  lines  to  the  square  centimetre,  was  found 

>  The  foUowing  are  thi  varioos  ways  of  expressing  the  three  definitions  : — 

.16 — The  number  of  lines  per  square  centimetre  in  the  material. 

The  flux-density. 

The  magnetic  displacement. 

The  internal  magnetization. 

The  magnetic  induction. 

The  induction. 

The  intensity  of  the  induction. 

The  permeation. 
JC — The  number  of  lines  per  square  centimetre  that  there  would  be  in  air. 

The  magnetizing  force  at  a  point 

llie  magnetic  force  at  a  point. 

The  intensity  of  the  inagnetic  force. 

The  rate  per  cm.  of  fall  of  magnetic  potential.  '    * 

The  magnetomotive-force  per  centimetre  length. 
jA— The  magnetic  permeability. 

The  permeability. 

The  specific  conductivity  for  magnetic  lines. 

The  magnetic  multiplying  power  of  the  material. 

I.  G 
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to  be  permeated  by  no  fewer  than  16,062  magnetic  lines  per 
square  centimetre.  Dividing  the  latter  figure  by  the  former 
gives  321  as  the  value  of  the  permeability,  that  is  to  say,  the 
permeability  of  the  iron  at  this  stage  of  the  magnetization  is 
321  times  that  of  air.  The  permeability,  or  ratio  of  08  to  3C,  is 
usually  denoted  by  the  Greek  letter  yL,  The  permeability  of 
such  non-magnetic  materials  as  silk,  cotton  and  other  insula- 
tors, also  of  brass,  copper  and  all  the  non-magnetic  metals,  is 
taken  as  unity,  being  practically  the  same  as  that  of  the  air. 

The  permeability  of  iron,  however,  varies  very  greatly  with 
the  degree  to  which  it  has  been  magnetized.  In  all  kinds  of 
iron  (after  passing  the  initial  stage  mentioned  below)  the 
magnetizability  of  the  material  becomes  diminished  as  the 
actual  magnetization  is  pushed  further;  there  is  in  fact  a 
tendency  to  magnetic  saturation.  In  other  words,  when 
a  piece  of  iron  has  been  magnetized  up  to  a  certain  degree,, 
it  becomes,  from  that  degree  onwards,  less  permeable  to 
further  magnetization,  and  though  actual  saturation  is  never 
reached,  there  is  a  practical  limit  beyond  which  the  magneti- 
zation cannot  well  be  pushed.  The  permeability  diminishes 
as  the  magnetization  is  pushed  to  higher  stages.  The  practi- 
cal limit  of  the  flux-density,  e6,  in  good  wrought  iron  and  in 
mild  steel,  is  about  20,000  magnetic  lines  to  the  square  centi- 
metre  ;  and  in  cast  iron  the  practical  saturation  limit  is  nearly 
12,000  lines  per  square  centimetre.  In  square  inch  units  these 
limits  are:  in  wrought  iron  and  mild  steel  B  is  about  125,000 
or  130,000  lines  per  square  inch,  and  in  cast  iron  the  maximum 
B  is  about  70,000  lines  per  square  inch. 

The  reluctance  or  magnetic  resistance  of  a  long  bar  or 
cylinder  of  iron  is  obviously  proportional  to  its  length,  and 
inversely  proportional  to  its  cross-section.  It  is  also  inversely 
proportional  to  its  permeability. 

In  designing  electromagnets,  before  calculations  can  be 
made  as  to  the  size  of  a  piece  of  iron  required  for  the  core  of 
a  magnet  for  any  particular  purpose,  it  is  necessary  to  know 
the  magnetic  properties  of  that  piece  of  iron  ;  for  it  is  obvious 
that  if  the  iron  be  of  inferior  magnetic  permeability,  a  larger 
piece  of  it  will  be  required   in   order  to  produce  the  same 


Magnetic  Principles.  8, 


magnetic  effect  as  might  be  produced  with  a  smaller  piece 
of  higher  permeability.  Or  again,  the  piece  having  inferior 
permeability  will  require  to  have  more  copper  wire  wound 
on  it. 


Curves  of  Magnetization. 

A  convenient  mode  of  studying  the  magnetic  facts  respect- 
ing any  particular  brand  of  iron  is  to  plot  on  a  diagram  the 
curve  of  magnetization — 1>.  the  curve  in  which  the  values, 
plotted  horizontally,  represent  the  magnetic  force  K,  and  the 
values  plotted  vertically  those  that  correspond  to  the  respec- 
tive flux-density,  SB. 

Thirty-five  samples  of  various  irons  of  known  chemical 
composition  were  examined  by  Hopkinson,^  the  two  most 
important  for  present  purposes  being  an  annealed  wrought 
iron  and  a  grey  cast  iron,  as  used  by  Messrs.  Mather  and 
Piatt  in  the  construction  of  dynamo  machines. 

The  upper  curve,  Fig.  49,  gives  the  behaviour  of  annealed 
iirought  iron.  The  ascending  line  shows  the  relation  between 
the  intensity  of  the  magnetizing  force  JC  and  the  flux-density 
9>  during  the  process  of  increasing  the  magnetizing  force 
from  zero  to  about  220;  and  the  descending  line  shows  the 
same  relation  during  the  process  of  decreasing  the  magnetizing 
force  to  zero,  and  then  reversing  it  so  as  to  remove  the 
residual  magnetic  lines.  The  lower  curve  shows  the  behaviour 
oi  grey  cast  iron. 

Every  sample  of  iron  will  show,  on  being  tested,  a  similar 
set  of  facts  which  can  be  plotted  down  as  a  curve  that  is 
characteristic  of  the  relation  in  question ;  but  the  curves  for 
cast  iron  and  hard  steel  always  lie  lower  than  those  for 
wrought  iron.  Moreover,  it  will  usually  be  noticed  that  when 
a  fresh  piece  of  iron  or  steel  is  subjected  to  a  gradually 
increasing  magnetising  force,  the  lowest  part  of  the  curve 
presents  near  its  origin  a  small  concavity  (see  Fig.  49)  show- 
ing that  there  is  a  certain  stage  where  under  small  magnetizing 
forces  the  permeability  is  greater  than  at  the  initial  stage. 

»  Phil,  Trans.t  pt.  ii.  p.  455,  1885. 
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This  concavity  is  more  pronounced  in  the  case  of  hard  iron 
and  of  steel  than  in  the  case  of  soft  iron.  But  the  curves 
differ  in  detail  even  in  different  specimens  of  the  same  sort  of 
iron. 

In  Fig.  50  are  given  seven  curves,^  relating  to  soft  iron, 
hardened  iron,  **  mild  steel,"  *  annealed  steel,  hard-drawn  steel, 
cast  iron  and  glass-hard  steel. 
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Fig.  49.— Hopkinson*s  Curves  of  Magnetization  of  Iron. 

In-designing  dynamos  it  is  convenient  to  have  for  reference 
a  series  of  curves  such  as  Fig.  50,  made  by  observation  on 
samples  of  the  same  iron  as  it  is  intended  to  use  in  con- 
struction.    Plate  I.  gives  such  curves  in  engineers*  units.     The 

"  PA//,  Tram,,  1885.      «  See  p.  8905  to  the  nature  of  so-called  **  mild  steel." 
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e  can,  be  had/  sepamiB  fiyytnj  tht,  IPahUahers, 
)fti  transpareni/  pofier;  —  JVtoe  7.   post  fhen. 
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particular  brands  of  iron  to  which  these  curves  refer  are  : — The 
fine  soft  sheet  iron  sold  by  Messrs.  Sankey,  called  "  Lohys  " 
iron  ;  the  cast  steel  for  dynamo  field-magnets  manufactured 
by  Messrs.  Edgar  Allen  of  Shefiield  ;  the  very  mild  magnet- 
steel  of  Messrs.  Hadfield  of  Sheffield  ;  Krupp*s  dynamo 
magnet-steel ;  an  ordinary  cast-iron  having  about  o  •  2  per 
cent  of  "  combined "  carbon,  tested  by  Mr.  Parshall ;  an 
American  steel  of  extraordinarily  high  permeability,  produced 
by  the  acid  open-hearth  process,  tested  by  Mr.  H.  S.  Meyer ; 
and  a  soft  ordinary  Styrian  sheet  iron,  tested  by  Herr  Blath}-. 
In    the    drawing-office   each   dynamo-designer  ought   to 
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Fig.  50. — Curves  of  Magnetization  of  various  Sorts  of  Iron. 

provide  himself  with  similar  curves  for  the  particular  brands 
of  iron  and  steel  which  he  uses.  All  the  good  makers  of 
iron  and  steel  for  dynamo  purposes  will  furnish  curves  for 
the  materials  which  they  produce.  The  additional  curves  given 
in  Fig.  5 1  relate  to  wrought  iron  when  worked  at  very  high 
flux-densities  ;  one  is  due  to  Mr.  Parshall,  the  other  relates 
to  Messrs.  Sankey's  special  quality  of  armature  stampings. 
Such  curves  find  their  principal  application  in  calculating  the 
ampere-turns  required  for  the  teeth  of  slotted  armatures,  which 
are  frequently  worked  at  very  high  flux-densities ;  but  they 
must  be  used  with  caution,  on  account  of  the  limited  amount 
oi  knowledge  at  present  available  on  this  subject.  The  curves 
in  the  lower  right-hand   corner  of  Plate   I.   relate   also  to 
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magnetization  in  very  strong  fields,  the  upper  one  being  the 
iron  examined  ^  by  Mr.  H.  S.  Meyer. 

Barrett^  has  recently  found  that  a  particular  steel  contain- 
ing 2\  per  cent,  of  aluminium,  made  by  Hadfield,  of  Sheffield, 
has  a  higher  permeability  than  any  known  brand  of  wrought 
iron. 

Looking  at  the  curves  of  Plate  L,  one  sees  that  if  one 
wishes  to  know,  for  example,  how  much  magnetizing  force  is 
required  to  produce  a  flux-density  of,  say,  B  =  100,000  lines 
per  square  inch,  in  Hadfield's  magnet-steel,  one  follows  out 
the  curve  up  to  the  level  of  100,000,  and  then  dropping 
perpendicularly  on  to  the  horizontal  scale  one  observes 
that  it  will  require  35  ampere-tums  per  inch  length  of  the  iron. 

Example. — Find  the  number  of  ampere-tums  of  excitation  neces- 
sary to  drive  a  flux  of  12,000,000  lines  through  a  cast-iron  yoke,  the 
cross-section  of  which  is  300  square  inches,  and  the  length  17  inches. 
Since  300  square  inches  carry  12,000,000  lines,  the  flux-density  B 
will  be  40,000  lines  per  square  inch.  Reference  to  the  curve  for 
cast  iron  in  Plate  I.  will  show  that  this  will  require  75  ampere- 
nuns  per  inch;  and  as  the  iron  is  17  inches  long  the  answer  is 
17  X  75  =  1275  ampere-turns. 

The  values  for  c8,  /*  and  3f  for  Hopkinson's  carefully 
annealed  specimen  of  soft  iron  are  given  in  square  centimetre 
units  in  Table  I.  (p.  88),  and  in  square  inch  units  in  Table  II. 

With  wrought  iron  the  permeability,  for  small  flux-densities, 
is  not  very  great,  but  increases  as  the  density  is  increased  up 
to  about  5000,  at  which  stage  /*  =  3000.  An  increase  beyond 
this  point  decreases  the  permeability  until  when  ^  =  16,000 
the  permeability  has  fallen  to  400,  and  at  S  =  20,000  it  is 
about  100.  Thus  it  is  not  economical  to  push  SB  much  beyond 
i6,cx».  Table  III.  gives  similar  values  for  mild  cast  steel. 
In  dynamo  field-magnets  of  steel,  S  is  generally  some- 
where about  16,000,  so  that  the  permeability  of  the  material 
at  this  point  is  the  criterion  of  the  value  of  different  materials 
for  field-magnets.     Now,  looking  at  the  curve  for  mild  cast 

*  EUktrot,  Zatschriftt  xxxv.  769,  September  12,  I90i* 

*  See  Joum.  Inst.  EUc,  Engineers,  xxxi,  709,  1902. 


88 


Dynamo-Electric  Mackinety. 


Table  I.  (Square  Centimetre  Units). 


Annealc 

d  Wrought  Iron. 

1 

Grey  Cast  Iron 

« 

**                 Jf 

^ 

H- 

Jf 

5,000 

i 

3000    1     1-66 

4,000 

800 

5 

9,000 

2250              4 

5,000 

500 

10 

10,000 

2000              5 

6,000 

279 

21*5 

11,000 

1692    ,      6*5 

7,000 

133 

42 

12,000 

1412          8-5 

8,000 

TOO 

80 

13,000 

1083    i        12 

9,000 

71 

127 

14.000 

823            17 

10,000 

53 

188 

15,000 

526        28*5 

10,000 

37 

292 

16,000 

320            50 

17,000 

161           105 

18,000 

90 

200 

19,000 

54 

350 

20,000 

30 

666 

1 

Table  II.  (Square  Inch  Units). 


1 

Annealed  Wrought  Iron.                            Grey  Cast  Iron. 

ai         i        ft 

H. 

1 

#* 

30 

53*5 
163 
447 
940 

1750 

30,000 

40,000 

50,000 

60,000 

70,000 

80,000 

90,000 

100,000 

110,000 

120,000 

130,000 

140,000 

2926 

2857 

2392 

2166 

1750 

1368 

856 

407 

161 

64 
28 

18 

« 

. 

IO-2   ' 

14        ' 
209 

27*7 
40 

63 
105 

245 
686 

1850 

4500 

7630 

1 

25,000 

30,000 

40,000 

50,000 

60,000 

70,000 

• 

• 

833 

445 

245 
112 

64 
40 
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Tablk  III.  (Messrs.  Edgar  Allen  and  Go's.  Dynamo  Cast  Steel). 


Square 

Centimetre  U 

nits. 

2-1 

Inch  Units. 

1 

3000 

1 

1 

B 

Ampere-turns 
per  inch. 

952 

12,500 

4'5 

4000 

1428 

2-8 

I    25.000 

5-6 

8000          1 

1634 

4-8 

50,000 

9-6 

12,000 

1250 

9-6 

60,000 

12 

14,000 

940 

14-9 

80,000 

21  ' 

l6yOOO 

585 

27-4 

90,000 

30 

17,000      , 

377 

45 

100,000 

47 

18,000 

1 

231 

78 

110,000 

93 

19,000 

148 

130 

120,000 

223 

Steely  it  will  be  seen  that,  though  the  permeability  for  flux- 
densities  of  the  order  of  10,000  is  very  much  lower  than  the 
permeability  of  iron,  yet  at  great  flux-densities  the  mild  steel 
is  equally  as  good  as,  or  even  better  than  wrought  iron.  Being 
much  cheaper,  it  has  come  very  much  into  use  for  dynamo 
magnets  and  pole-cores.  Though  this  material  is  known  as 
mild  steel '  it  is  in  reality  much  more  allied  to  iron  in  its 
composition,  as  it  contains  only  about  O' 06  per  cent,  of  carbon 
and  is  incapable  of  taking  a  temper.  Some  data  are  given  in 
Table  III.  The  facts  that  it  can  be  cast  and  is  soft  to  tool 
greatly  facilitate  the  construction  of  dynamo  frames  of  mild 
steel.  Mitis  metaly  which  is  a  sort  of  cast  wrought  iron,  being 
a  wrought  iron  rendered  fluid  by  addition  of  a  small  percent- 
age of  aluminium,  is,  as  the  author  has  found,  more  mag- 
netizable than  cast  iron,  and  not  far  inferior  to  the  best 
wrought  iron. 

Any  specimen  of  iron  or  steel,  for  which,  in  comparatively 
weak  fields  the  permeability  goes  up  to  3C00  or  40CO,  and 


*  For  data  upon  mild  sted  and  mitis  metal,  see  G.   Henrard,  Iji  Lumiire 
iieciriqu€^  xxxiii.  595  ;  Thompson,  Knight  and  Bacon,  Amer.  Inst.  EUc,  Engs.t 
ix.  June  7tb,  1892.   Ewing,  Proc.  Inst,  Civil  Engs,^  cxxvi.,  1896  ;  Parshall,  ibid. 
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which  has  little  retention  of  its  magnetism,  is  called  magneti- 
cally soft  \  while  any  specimen  which  only  reaches  a  permea- 
bility of  ICO  to  400,  and  that  in  a  fairly  strong  field,  is  called 
magnetically  hard,  and  will  exhibit  great  retentivity. 

Hammering,  rolling,  chilling,  or  any  process  which  tends 
physically  to  harden  iron  will  lessen  its  permeability,  but  the 
evil  effects  of  such  processes  may  be  destroyed  by  raising  the 
metal  to  a  red  heat  and  allowing  it  to  cool  very  slowly.  The 
effect  of  this  annealing  is  shown  in  the  curves. 

The  curve  for  cast  iron  varies  a  great  deal  with  the 
quality.  The  permeability  is  generally  decreased  in  propor- 
tion to  the  amount  of  carbon  present  in  the  combined  state. 

For  an  account  of  the  various  methods  of  measuring^  the 
magnetic  qualities  of  iron,  and  for  detailed  information  as  to 
the  newest  kinds  of  iron  and  magnet  steel,  see  the  author's 
treatise  on  Tlie  Electromagnet, 

Sheet  iron  often  shows  very  different  qualities  in  different 
parts  of  the. same  sheet.  According  to  Rohr,'  parts  near  the 
edges  of  the  sheet  are  often  better  annealed  than  parts  from 
the  middle.  Repeated  annealing  tends  to  make  any  sample 
more  homogeneous  magnetically.  The  most  homogeneous 
magnetic  material  hitherto  produced  is  annealed  cast  steel. 

'  Consult  also  the  following  works : — 

Ewing,  J.  A.,  various  papers  in  tbe  Philosophical  Transactions  of  the  Royal 
Society  in  the  years  1885  to  1894.  A  full  r^sum^  is  given  in  his  book  Magnetic 
Induction  in  Iron  and  other  Metals.     London,  1894. 

Hopkinson,  Dr.  J.,  papers  in  tbe  Philosophical  Transactiofis  of  the  Royal 
Society,  1885  to  1895.  Those  of  chief  importance  are  reprinted  in  his  Original 
Papers  (1901),  vol.  i. 

Du  Bois,  H.  J.  G.,  Magnetisehe  Kreise^  deren  Theorie  und  Anwendungen, 
Berlin,  1894. 

Parshall,  H.  F.,  Electric  Generators^  London,  I9CX> ;  also  Proc,  Inst.  Civil 
Engineers^  czxvi.  May  19,  1896. 

Schmidt,  Dr.  £.,  Die  Magnetisehe  Untersuchung  des  Eisens,    Halle,  1900. 

Lamb,  C.  G.,  and  Walker,  M.,  Journal  Inst.  Elec.  Engineers,  xxx.  930^  1901. 
This  paper  describes  a  practical  form  of  permeability-meter. 

Drysdale,  C.V.,  ibid.,  xxxi.  283,  1902.  In  this  paper  there  is  given  a  method 
of  determining  the  permeability  of  specimens  of  iron  or  steel  in  the  lump,  without 
redttdDg  them  to  rods,  rings  or  strips. 

•  Elektrot.  Zeitschr.y  xix.  712,  1898. 


Magnetic  Principles. 


91 


Effects  of  Air-gap  in  Magnetic  CiRtuiT. 


All  the  preceding  results  refer  exclusively  to  that  which 
goes  on  in  iron  itself,  the  curves  of  magnetization  referring  to 
the  magnetic  materials  only.  But  if  there  is  an  air-gap  in  the 
magnetic  circuit,  or  a  gap  filled  with  any  non-magnetic  material 
such  as  copper,  mica  or  paper,  seeing  that  all  these  things 
possess  a  permeability  that  is  equal  to  that  of  air  (i.e,  /^  s  i), 
it  is  evident  that  to  force  the  same  number  of  magnetic  lines 
across  a  layer  of  such  inferior  permeability  will  necessitate  an 
increase  in  the  amount  of  magnetizing  power  that  must  be 
applied. 


Fig.  5itf. — Curve  of  Magnetization  op  Magnetic  Circuit 

WITH  Air-gap. 

This  is  made  plainer  by  reference  to  Fig.  51^,  in  which  the 
curve  O cQ  represents  the  relation  between  the  number  of 
magnetic  lines  in  an  iron  bar  and  the  number  of  ampere-turns 
of  excitation  (=  3(/-t-  I'2S7)  needed  to  force  these  magnetic 
lines  through  the  iron.  For  example,  to  reach  the  height  c,  the 
excitation  has  to  be  of  the  value  represented  by  the  length 
Ojti.      On  the  same  diagram  the  line  O^B  represents  the 
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relation  between  the  magnetic  flux  across  the  air-gap  and  the 
ampere-turns  required  to  force  this  flux  across.  If  the  gap 
were  i  cm.  long,  0*795  ampere-turns  of  current  would  produce 
field  3f  =  ^  =  I .  In  the  present  case  the  gap  is  supposed  to 
be  shorter  than  i  cm.,  the  line  sloping  up  at  such  a  slope  that  the 
length  O  x^  represents  the  ampere-turns  requisite  to  bring  up 
the  magnetic  flux  to  by  which  is  at  the  same  height  on  the 
scale  as  c.  It  is  then  easy  to  put  the  two  things  together,  for 
the  total  amount  of  excitation  required  to  force  these  mag- 
netic lines  through  air  and  iron  will  (neglecting  leakage)  be 
the  sum  of  the  separate  amounts.  The  point  x^  is  chosen  so 
that  O  x^  is  equal  to  the  sum  of  O  x^,  and  Ox^^  or  that  the 
distance  of  point  r  from  the  vertical  axis  is  equal  to  the  sum 
of  the  respective  distances  of  c  and  b.  If  the  same  thing  is 
done  for  a  large  number  of  corresponding  points,  the  resultant 
curve  O  r  R  may  be  constructed  from  the  two  separate  curves. 
It  will  be  seen  then  that,  in  general,  the  presence  of  a  gap  in 
the  magnetic  circuit  has  the  effect  of  causing  the  magnetic 
cur\'e  to  rake  over,  t/te  initial  slope  being  determined  by  the 
air-gap. 

Air 'Gap  Coefficients. — It  is  convenient  in  calculating  to 
employ  gap-coefficients.  We  have  seen  above  that  to  drive 
magnetic  lines,  with  a  density  of  ©8  =  i,  along  i  cm.  length 
of  air,  requires  0'795  (or  approximately  0'8)  ampere-turns. 
This  number  is,  then,  a  coefficient  which  can  be  used  for 
finding  the  ampere-turns  needed  for  any  other  density  or 
any  other  length.  The  number  of  ampere-turns  X^  needed  if 
the  flux  density  is  Skg  and  the  length  across  the  gap  Ig  will  be 

X^  =  0'8  X  ^^  X  Ig, 

If  the  density,  is  given  in  lines  per  square  inch  and  the  gap- 
length  in  inches,  the  coefficient  will  be  2  "54  times  smaller,  and 
the  equation  becomes 

X^  =  0-3133  X  B^x  /'V; 
where  0*3133  is  the  gap-coefficient 


Magnetic  Principles. 


Effect  of  Joints. 

Being  now  in  a  position  to  calculate  the  additional  mag- 
netizing power  required  for  forcing  magnetic  lines  across  an 
air-gap,  we  are  prepared  to  discuss  a  matter  that  has  been  so 
far  neglected,  namely,  the  effect  of  joints  in  the  iron  on  the 
reluctance  of  the  magnetic  circuit. 

Kwing  *  not  only  tried  the  effect  of  cutting  and  of  facing 
up  with  true  plane  surfaces,  but  used  different  magnetizing 
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F0«  Effect  of  Joints. 


forces,  and  also  applied  various  externa!  pressures  to  the  joint. 
In  Table  IV.  are  summarised  the  results  which  Ewing  found 
when  his  bar  of  wrought  iron  was  cut  across  by  section 
planes,  first  into  two  pieces,  then  into  four,  then  into  eight. 
The  apparent  permeability  of  the  bar  was  reduced  at  every  cut. 
Suppose  we  are  working  with  the  magnetization  of  our 
iron  pushed  to  about  16,000  lines  to  the  sq.  cm.,  referring  to 
'  See  Pkiloie^eal  iiasa^Ht,  Sep*.  :888. 
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Table  IV.,  we  see  that  each  joint  across  the  iron  offers  as 
much  reluctance  as  would  an  air-gap  0'0005  of  an  inch  in 
thickness,  or  adds  as  much  reluctance  as  if  an  additional 
layer  of  iron  about  J^th  of  an  inch  thick  had  been  added. 
With  small  magnetizing  forces  the  effect  of  having  a  cut 
across  the  iron  with  a  good  surface  on  it  is  about  the  same  as 
though  you  had  introduced  a  layer  of  air  ^j^^th  of  an  inch 
thick,  or  as  though  you  had  added  to  the  iron  circuit  about 
I  inch  of  extra  length.  With  large  magnetizing  forces,  how- 
ever, this  disappears,  probably  because  of  the  attraction  of 
the  two  surfaces  across  that  cut.  The  stress  in  the  magnetic 
circuit,  with  high  magnetic  forces  running  up  to  15,000  or 
20,coo  lines  to  the  sq.  cm.,  will  of  itself  put  on  a  pressure  of 
130  to  230  lbs.  to  the  square  inch,  and  so  these  resistances  are 
considerably  reduced ;  they  come  down  in  fact  to  about 
^rd  of  their  initial  value. 


TABLE  IV.— Effect  on  Joints  in  Wrought-iron  Bar  (not  compressed). 


K 


7*5 

15 

30 

50 
70 


Solid. 


8,500 

I3»400 

15,350 
16,400 
17,100 


^ 


Cut  in 
Two. 


6,900 

11,550 

H.550 

I5»950 
16,840 


In  Four. 


4,809 

8,900 

12,940 

15,000 

16.120 


Mean  thickness  of    jThJclcness  of  iron 

equivalent  aur-spaces     of  equi>nalent  re- 

for  one  cut.  I  luctance  per  cue 


In  Eifht. 


Centi- 
metres. 


Inches. 


Centi- 
metres. 


I 


Inches. 


2,600  I  0*0036  ,  o'ooi4 

5,500    0*0030    0*0012 

9,800  I  0*0020  o'ooo8 
13.300  00013  I  00005 
15,200     0*0009     0*0004    0*22  '  0*087 


4  1*57 

253  I 

I*  10  0433 

o*43  0*169 


The  above  results  of  Ewing's  are  further  represented  by 
the  curves  of  magnetization  drawn  in  Fig.  52.  When  the 
faces  of  a  cut  were  carefully  surfaced  up  to  true  planes,  the 
disadvantageous  effect  of  the  cut  was  reduced  considerably, 
and  under  the  application  of  a  heavy  external  pressure  almost 
vanished. 
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Effects  of  Heat. 

When  iron  in  a  strong  magnetic  field  is  raised  to  a  tem- 
perature above  600°  C.  it  begins  to  lose  its  magnetic  qualities, 
and  at  780°  C.  they  entirely  disappear.  At  temperatures 
between  o*  and  ioo»  the  effect  of  heat  is  so  small  that  for  all 
practical  purposes  it  may  be  neglected. 


Residual  Ma(;netism. 

It  is  well  known  that  several  kinds  of  magnetic  materials 
— lodestone,  steel,  particularly  hardened  steel,  and  hard  sorts 
of  iron — exhibit  residual  magnetism  after  having  been  sub- 
jected to  magnetic  forces.  It  is  also  known  that  closed 
circuits  of  soft  iron — even  of  the  very  softest — will  exhibit  a 
considerable  amount  of  residual  magnetism  so  long  as  the 
circuit  which  they  constitute  is  unbroken. 

Reference  to  Fig.  49  will  show  that  when  the  magnetizing 
force  }C  is  gradually  increased  from  zero  to  a  high  value,  and 
is  then  gradually  decreased  to  zero,  the  resulting  interna) 
magnetization  oB  first  increases  to  a  maximum,  and  then 
decreases,  but  does  not  come  back  to  zero.  The  curve 
descending  from  the  maximum  does  not  coincide  with  the 
ascending  curve.  In  fact,  when  the  magnetizing  force  has 
been  entirely  removed  there  remained  (in  this  specimen)  a 
residual  magnetization  of  about  47,000  lines  to  the  sq.  in.,  or 
about  7300  lines  per  sq.  cm.  It  has  been  proposed  to  give 
the  name  of  the  rematience  to  the  number  of  lines  to  the  sq.  cm., 
that  thus  remain  as  the  residual  value  of  S.  To  remove  this 
remanence,  a  negative  magnetizing  force  must  be  applied. 
Suppose  enough  magnetizing^  force  has  been  used,  the  curve 
will  descend  and  cut  the  horizontal  axis  at  a  point  to  the  left 
of  the  origin  ;  and  with  greater  negative  magnetizing  forces, 
the  specimen  will  begin  to  be  magnetized  with  magnetic  lines 
running  through  it  in  the  reversed  direction.  The  particular 
value  of  the  negative  magnetizing  force  which  is  needed  to 
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bring  the  remanent  magnetization  to  zero  has  been  termed  by 
Hopkinson  the  coercive  force.  In  the  specimen  of  wrought 
iron  in  question  the  coercive  force  (in  C.G.S.  measure)  is 
about  2.  The  force  thus  required  to  deprive  any  specimen  of 
its  remanent  magnetization  may  be  taken  as  a  measure  of  the 
tendency  of  iron  of  this  particular  quality  to  retain  permanent 
magnetism.  Hard  kinds  of  iron  and  steel  always  show  more 
coercive  force  than  soft  kinds  of  iron.  For  example,  whilst 
that  of  soft  wrought  iron  is  about  2,  that  of  hard  steel  may  be 
as  much  as  70,  or  even  more. 

Hysteresis. 

Professor  Ewing,  who  has  particularly  studied  the  residual 
effects  exhibited  by  various  qualities  of  iron  and  steel,  has 
given  the  name  of  hysteresis  to  this  tendency  of  the  effects  to 
lag,  in  phase,  behind  the  causes  that  produce  them.  The 
appropriate  mode  of  studying  hysteresis  is  to  subject  the 
specimen  to  a  complete  cycle  (or  to  a  number  of  successive 
cycles,  of  magnetizing  forces.  For  example,  let  the  mag- 
netizing force  begin  at  zero,  and  increase  to  a  high  value,  and 
then  decrease  back  to  zero,  then  reverse  and  increase  to  a 
high  negative  value,  and  finally  return  to  zero.  Such  a  cycle 
is  given  in  Fig.  53,  which  is  taken  from  Ewing*s  researches, 
and  relates  to  a  series  of  experiments  made  with  a  piece  of 
annealed  steel.  The  curve  begins  in  the  centre  of  the 
diagram  and  as  K  is  increased  positively,  the  curve  rises 
at  first  concavely  to  the  right,  then  turns  over,  and  when 
J{  =  55,  ^  has  risen  to  a  little  over  14,000.  When  K  is  then 
reduced  back  to  zero  the  curve  turns  back  on  itself,  but  does 
not  fall  as  fast  as  it  previously  rose,  for  when  %  is  reduced  to 
20,  Sl>  has  gone  down  only  to  12,000,  and  when  JC  =  o  the 
remanence  is  about  8500.  If  at  this  point  %  had  been  again 
increased  to  55,  ^  would  have  run  up  again  to  14,000.  If, 
however,  the  magnetizing  force  is  now  reversed,  and  gradually 
increased  from  O  to  —  55,  the  curve  descends  to  the  left,  and 
cuts  the  horizontal  axis  at  —  16,  which  is  therefore  the  value 
of  the  coercive  force.     On  increasing  the  reversed  magnetizing 
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force  to  3t  =  r-  55,  the  reversed  magnetization  increases  to 
the  value  ^  =  -  14,000  or  a  little  more.  Then  when  these 
reversed  magnetizing  forces  are  reduced  to  zero,  the  curve 
returns  towards  the  right,  crossing  the  vertical  axis  at 
c8  =  —  8500  (the  negative  remanence) ;  and  on  re-reversing 
the  magnetizing  force  it  is  found  that  when  3t  =  +16,  the 
magnetization  is  once  more  zero.  After  this  point,  increasing 
3C  causes  the  magnetization  to  run  up  very  rapidly,  not  quite 
following  Its  former  track,  but  coming  up  as  before  to  the 
apex,  when  JC  is  raised  to  the  same  maximum  of  55. 


Cycles  of  Magnetization. 

Such  cycles  of  magnetization  as  that  which  has  just  been 
described,  if  carried  out  on  any  specimen  of  iron  or  steel, 
always  yield  curves  that  exhibit,  like  Fig.  53,  an  enclosed 
area  or  hysteresial  loop.  This  fact  has  been  shown  by  Warburg* 
and  by  Ewing  *  to  possess  a  special  significance  ;  for  the  area 
enclosed  is  a  measure  of  the  work  wasted,  per  unit  of  volume 
of  the  iron,  in  carrying  the  iron  through  a  complete  cycle  of 
magnetizations.  Just  as  the  area  traced  out  on  the  indicator- 
card  of  a  steam  engine  is  a  measure  of  the  heat  performed  by 
the  engine,  so  in  this  magnetic  cycle  the  area  enclosed  by  the 
curve  is  a  measure  of  the  work  transformed  into  (useless) 
heat^ 

For  the  sake  of  comparison,  a  curve  for  wrought  iron  and 
one  for  steel  are  given  side  by  side  in  Fig.  53.  In  all  these 
cases  the  closed  area  represents  the  work  which  has  been 

*  Wied.  Aun.f  xiii.  141,  1881. 

*  Proc.  Roy,  Soe.^  xxxi.  22,  188 1  ;  xxxiv.  39,  1884 ;  and  xxxv.  i,  1885 ;  and 
Phu,  Irans.y  1885,  pt.  ii.  523. 

'  The  proofs  of  these  matters  are  as  follows.  In  a  magnetic  field  of  strength 
K  it  will  require  li  units  of  work  to  move  a  unit  of  magnetism  along  a  length  of 
I  centimetre  against  the  magnetizing  forces.  Hence  since  there  are  4  «-  magnetic 
lines  to  each  unit  of  magnetism,  the  work  done  in  one  complete  cycle  on  a  single 

cubic  centimetre  of  the  iron  wiU  be  equal  to  —-j^  ^^*      If  '^  ^^'^  ^  ^^  in 

C.G.S.  onitSy  the  work  will  be  given  in  ergs  per  cubic  centimetre.  Hence  if  this 
ntunber  is  miiltiplied  by  the  number  of  cycles  per  second  and  divided  by  10',  the 
lesult  will  express  the  number  of  watts  of  power  wasted. 

I.  H 
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wasted  or  dissipated  in  subjecting  the  iron  to  these  alternate 
magnetizing  forces.  The  loop  curve  so  traced  out  is,  therefore, 
a  measure  of  the  amount  of  hysteresix  in  the  specimen.  In 
very  soft  iron,  where  the  ascending  and  descending  curves 
are  close  together,  the  enclosed  area  is  small ;  and  as  a  matter 
of  fact,  very  little  energy  is  dissipated  in  a  cycle  of  magnetic 
operations.  On  the  other  hand,  with  hard  iron,  and  particu- 
larly with  steel,  there  is  a  great  width  between  the  curves, 
and  there  is  great  waste  of  energy.     The  energy  lost  per  cycle 
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Fig.  S3.— Hysteresis  in  Wrought  Iron  and  in  Steel. 


depends  not  only  upon  the  nature  of  the  material  but  also 
upon  the  degree  to  which  the  magnetization  is  carried  in  each 
cycle — in  fact  upon  the  amplitude  of  the  cycle.  As  the  ampli- 
tude of  the  loss  of  energy  per  cycle  is  more  than  proportionally 
great,  doubling  B  more  than  doubles  the  energy  loss  per  cycle. 
Heat  wasted  in  Cycles  of  Magnetisation, — It  has  long  been 
known  that  when  iron  is  subjected  to  rapidly  recurring  mag- 
netization and  demagnetization,  or  to  an  alternating  magne- 
tization, it  becomes  hot  This  heat  so  wasted  ^in  the  iron  is 
due  to  two  causes — (i)  hysteresis,  (2)  eddy-currents. 
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Hysteresis  may  be  regarded  as  a  species  of  magnetic  fatigUQ 
which  wastes  energy  at  every  reversal  of  the  magnetization,  as 
shown  above,  and  occurs  in  all  kinds  of  iron,  but  particularly 
in  all  liard  kinds  of  iron  and  steel.  To  minimise  this  source 
of  loss  the  cores  of  armatures,  and  the  cores  of  transformers, 
must  be  made  of  material  which  has  as  low  a  hysteresis  as 
possible. 

Eddy-currents  are  currents  induced  in  the  substance  of  the 
iron  core  itself  by  the  magnetic  changes.  They  can  be 
reduced  indefinitely  by  laminating  the  cores,  which  are  built 
up  of  thin  sheets  of  iron  or  of  a  special  soft  steel ;  the  usual 
thickness  being  from  25  to  40  mils  thick,  though  in  some  cases 
core-sheets  as  thin  as  15  mils  (=  about  0*6  millimetre)  are 
employed. 

Calculation  of  Heat-  Waste  in  Iron  Cores. — The  energy  lost 
per  cycle  depends  not  only  upon  the  nature  of  the  material 
but  also  upon  the  degree  to  which  the  magnetization  is  carried 
in  each  cycle — in  fact  upon  the  amplitude  of  the  cycle.  The 
loss  of  energy  per  cycle  is  more  than  proportionally  great ; 
doubling  S  more  than  doubles  the  energy  loss  per  cycle. 

Mr.  C.  P.  Steinmetz  ^  has  given  the  following  law  connect- 
ing the  hysteresis  loss  //  in  ergs  per  cubic  centimetre  of  iron 
per  cycle  and  the  flux-density  oB.     He  finds  that 

where  iy  is  a  constant,  called  the  hysteretic  constant,  depending 
upon  the  kind  of  iron*  This  law  is  true  for  cycles  performed 
either  slowly,  or  as  rapidly  as  200  per  second.  Table  V.  gives 
the  hysteretic  constant  17  for  different  materials  ^  when  ordinary 
frequencies  are  employed. 

•  Anur,  lust,  Elec.  Eugituers^  Jan.  19,  1892 ;  Electrician^  Feb.  12,  19  and 
26, 1892.   The  exponent  is  not  always  exactly  1*6;  it  varies  between  1*5  and  1*9. 

'  For  particulars  of  Ewing's  Magnetic  Tester  for  measuring  Hysteresis  in  sheet 
iron,  see  Itist,  EUc,  Engineers^  April  25,  1895,  also  Electrician^  xxxiv.  786.  To 
reduce  these  values  from  ergs  per  cubic  centimetre  per  cycle  to  the  more  ordinary 
value  in  watts  per  pound  of  iron  at  100  cycles  per  second,  multiply  by  the  factor 
o'  000589.  Barrett  finds  the  values  for  Swedish  charcoal  iron,  for  Sankey  *s  "  Lohys  " 
iron,  and  for  aluminium-iron  to  be  respectively  0*38,  0*32  and  0*23  watts  per 
pornd,  with  a  maximum  flux-deasity  of  4000  lines  per  square  centimetre. 
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TABLE  V. — Hystkretic  Constants  for  Different  Materials. 


«"«■*-••                     c'oSr.t 

«»•-"•        ';  S^tt 

Very  soft  iron  wire      ,     .        '002 
Very  thin  soft  sheet  iron  .        '0024    \ 
Thin  good  sheet  iron  .     .        '003 
Thick  sheet  iron    .     .     .        '0033 
Most  ordinary  sheet  iron  .        '004 
Sankey's  Lohys  iron    .     .        *ooi2 

Soft  annealed  cast  iron     .         'coS 
Soft  machine  steel.     .     .    i     'O094 

Cast  steel ,     '012 

Cast  iron !     '016 

Hardened  cast  steel    .      .         '025 
Barrett's  aluminium-iron           '0006S 

From  experiments  with  actual  transformer  plates,  at  a 
frequency  of  n  cycles  per  second,  the'  hysteretic  loss,  in  watts 
per  cubic  inch  of  iron,  was  found  to  be 


-t 


Wa  =  0*83  X  17  X  «  X  B^^  X  10 

In  Fig.  54  there  have  been  plotted  the  hysteresis  losses 
in  watts  per  pound  of  iron,  at  a  frequency  of  30  cycles  per 
second,  for  different  values  of  the  fluxndensity  (in  British 
measure).  The  iron  is  here  taken  to  be  of  an  ordinary  good! 
quality. 

Similarly,  Fig.  55  gives  in  the  form  of  a  graph  the 
losses,  by  hysteresis,  in  watts  per  cubic  inch  of  laminated  irony 
such  as  is  used  in  armature  cores  ;  the  curve  in  this  case  being 
plotted  for  one  cycle  per  second,  the  corresponding  flux- 
densities  being  given  per  square  inch. 

Example, — Find  the  power  wasted  by  hysteresis  in  the  core-body 
of  the  8-pole  dynamo,  page  563,  assuming  B  =  65,000,  .the  total 
volume  of  the  iron  being  16,320  cub.  inches,  and  the  frequency  of  the 
reversals  10  cycles  per  second,  and  the  hysteretic  constant  =  0*002. 
Reference  to  Fig.  54  shows  that  the  waste  will  be  o'ooS  watts  per 
cubic  inch  per  cycle  per  second.  Therefore  the  power  wasted  will 
be  o'ooS  X  16,320  X  10  =  1305 '6  watts. 

Table  VI.  gives  the  number  of  watts  wasted  by  hysteresis 
in  •  well-laminated  soft  wrought  iron  when  subjected  to  a 
succession  of  rapid  cycles  of  magnetization. 
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To  facilitate  calculations,  Table  VII.  gives  the  number  of 
watts  wasted  per  cubic  inch  per  cycle  for  three  different  values 
of  the  hysteretic  constant. 
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TABLE  VI.— Waste  of  Power  »y  Hysteresis, 


IB 

Per  square  centi- 
metre. 

4,000 

B 

Per  square  inch. 
25,800 

Watts  wasted 

per  cubic  inch  at 

z  cycle  per 

becond. 

Watts  wasted 

per  cubic  foot  at 

10  cycle*  per 

second. 

40 

1      Watts  wasted 
per  cubic  foot  at 
100  c>  cles  per 
second. 

400 

0*0023 

5.000 

32*250 

0-0033 

57-5 

575 

6,000 

38,700 

0'0043 

75 

1               750 

7.000 

45,150 

0-0053 

92*5 

925 

8,000 

51,600 

0*0064 

III 

IIIO 

10,000 

64,500 

0-0090 

156 

1560 

12,000 

77,400        ' 

0*0119 

206 

1         2060 

14,000 

90,300 

0-0151 

262 

2620 

16,000 

103,200 

0-0186 

324 

3240 

17,000 

109,650 

0*0228 

394 

3940 

18,000 

116,100 

0*0282 

487 

4870 

TABLE  VIL 


Lines  per  square  inch. 


B 


40,000 

50,000 

60,000 

70,000 

80,000 

90,000 

100,000 

110,000 

120,000 

130,000 

140,000 


Watts  wasted  per  cubic  indi  of  iron  per  cycle  per  second. 


T}  =  0*002. 


0*003829 
0*005478 
0*007320 
0-009345 
0*011586 
0-013993 
0-016666 
0-019322 
0*022094 
0*025248 
0-028386 


1\  =  0-003. 


0-005767 
0*008280 
0*011080 
0-014090 
0*017455 
0*021082 
0*025000 
0-029100 
0-033425 
0-038025 
0042750 


IJ  =  0*004. 


0-007658 
0-010956 
0*014640 
0*018690 
0*023172 
0-027986 
0-033333 
0-038644 
0*044X88 
0-050496 
0-056772 


J 


These  values  are  plotted  in  the  curves  of  Fig.  55.  For 
other  frequencies  the  values  must  be  multiplied  simply  by  the 
frequency. 
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Fig.  55.— Hysteresis  Losses  in  Watts  per  Cubic  Inch. 
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Besides  the  hysteretic  loss  in  iron  plates,  there  is 
also  a  loss  due  to  eddy-currents  in  the  iron.  This  loss  varies 
as  the  square  of  the  thickness  of  the  iron,  the  square  of  the 
frequency,  and  the  square  of  the  flux-density.  There  has  been 
obtained  by  calculation  the  formula 

W^  =  40-64  X  /^  B^  «^  X  10"" 

We  being  the  loss  in  watts  per  cubic  inch  of  core  made  up 
of  the  strij),  and  /  being  the  thickness  of  the  strip  in  inches. 

TABLE  VIII.— Waste  of  Power  by  Eddy-Currents. 


B 

Eddy-current  loss  in  watts  per 

cubic  inch,  ct  i  cycle 

per  sec 

40,000 

/  =  xo  mili 

/  =  30  milt 

/  =  40  mils 

i  =  (0  mils 
0*000234 

0*000006 

0*000026 

0*000104 

50,000 

O'OOOOIO 

0*000040 

0*000162 

0*000366 

60,000 

0*000015 

0*000058 

0*000234 

0-000527 

70,000 

0'000020 

0*000079 

1 

0*000318 

0*000717 

80,000 

0*000025 

0*000104 

0*000416 

0*000935 

90,000 

0*000033 

0*000132 

0*000526 

0*001185 

100,000 

0*000041 

0*000162 

• 

0*000650 

0*001463 

110,000 

0*000049 

0*000196 

0*000787 

0*001770 

120,000 

0-000058 

0*000234 

0*000936 

0*002107 

130,000 

0*000068 

0*000275 

0*001099 

0*002490 

140,000 

0*000080 

0*000318 

1 

0-001275 

0*002867 

Thus  we  have  the  total  loss  in  watts  per  cubic  inch,  due  to 
both  hysteresis  and  eddy  currents — 

W  =  0-83  V  n  B'**  X  10""'     +    40-64/^  B^  «^  X  10"". 

This  has  been  found  to  agree  very  closely  with  practice. 

In  order  to  adapt  the  data  to  British  measures,  and  to 
facilitate  computation,  Table  VIII.  has  been  prepared,  showing 
the  values  of  the  eddy-current  losses  in  sheet  iron  of  four 
different  thicknesses,  with  a  frequency  of  one  cycle  per  second. 
The  values  for  other  frequencies  will  require  to  be  multiplied 
by  the  square  of  i/ie  frequency. 
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These  figures  are  graphically  plotted  for  reference  in 
Fig.  56. 

Example, — Find  the  number  of  watts  wasted  by  eddy-currents  in 
the  armature  core-body  (not  including  teeth)  of  the  8-pole  dynamo 
described  on  p.  563.     Taking  B  =  65,000  lines  per  square  inch,  the 
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Fig.  56. — Eddy-Current  Losses  in  Sheet  Iron. 


frequency  10  cycles  per  second,  the  thickness  of  the  core-disks  as 
40  mils,  and  the  number  of  net  cubic  inches  of  iron  as  16,320,  we 
proceed  as  follows.     Referring  to  the  curves  of  Fig.  56,  we  pick  out 
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the  curve  for  40-mil  iron,  and  follow  it  up  to  opposite  the  value  of 
65,000,  at  which  point  we  read  off  on  the  other  scale  the  value 
0*000275  as  the  number  of  watts  per  cubic  inch  at  a  frequency  of 
I  cycle  per  second.  Then  multiplying  up  by  the  square  of  the 
frequency,  and  by  the  number  of  cubic  inches,  we  find  as  the  total 
eddy-current  waste,  449  watts.  Had  we  taken  core-disks  of  half  the 
thickness  this  waste  would  have  been  reduced  to  1 1 2  watts. 


Examples  of  calculation  of  the  waste  of  power  by  eddy- 
currents  and  hysteresis  in  the  iron — usually  called,  for  brevity, 
the  iron-losses — in  the  armatures  of  continuous-current  dynamos 
will  be  found  in  Chapter  XIX. 

Ewing  has  shown  that  vibration  tends  to  destroy  residual 
effects.  There  is  also  some  evidence  that  with  very  rapid 
frequencies  there  is  less  work  wasted  per  cycle  than  there 
would  be  in  the  same  cycle  performed  slowly. 

Rotational  Hysteresis. — When  an  armature  core  is  rotated 
in  a  strong  magnetic  field  the  magnetization  of  the  iron  is 
being  continually  carried  througli  a  cycle,  but  in  a  manner 
quite  different  from  that  in  which  it  is  carried  when  the 
magnetizing  force  is  periodically  reversed,  as  in  the  core  of  a 
transformer.  Mordey  has  found  ^  the  losses  by  hysteresis 
to  be  somewhat  smaller  in  the  former  case  than  in  the  latter. 
Baily  ^  found  the  losses,  for  a  rotating  density  lower  than  ^  = 
I5.0D0,  to  be  slightly  lower  than  is  the  case  for  alternating 
fields ;  but  in  stronger  fields  the  rotational  losses  diminished 
after  that  point,  and  became  nearly  zero  when  ^  =  20,0CX5. 
Dina  ^  has  recently  re-examined  the  latter  result. 

Retardation  of  Magnetization, — It  has  long  been  known 
that  in  solid  cores  of  electromagnets  the  rise  and  fall  of  the 
magnetism  is  retarded  by  eddy-currents  in  the  iron,  the  outside 
part  of  the  iron  becoming  magnetized  first  when  the  current  is 
turned  on  ;  whilst  the  magnetism  of  the  inner  parts  grows 
up  later  as  the  eddy-currents  in  the  outer  part  die  away. 
There  is  thus  a  regular  penetration  or  propagation   of   the 

*  See  also  Ewing  in  Electrician,  xxvii.  602,  189 1. 

*  PhiL   Trails,^  clxxxvii.  715,  1896. 

'  EUktrot.  Zeitschri/ty  xxiii.  43,  1902 ;  and  xxiv.  674,  1903. 
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magnetism  from  the  outer  to  the  inner  parts  of  the  core. 
When  the  magnetizing-current  is  cut  off,  the  inner  part  is  the 
last  to  lose  its  magnetism.  In  large  dynamos  many  minutes 
may  elapse  before  the  magnetism  attains  its  maximum.  For 
this  reason  the  author  pronounced  it  useless  to  put  a  compound 
winding  upon  certain  dynamos  with  large  solid  bipolar  electro- 
magnets for  use  as  electric  railway  generators.  Hopkinson  ^ 
showed  that  the  retardation  varies  as  the  square  of  the  linear 
dimensions. 

Magnetic  Dampers, — If  a  magnetic  flux,  whether  in  air  or 
in  iron,  be  surrounded  by  a  closed  conductor  such  as  a  copper 
ring  or  tube,  or  a  copper  wire  coil  the  ends  of  which  are 
united  together  to  form  a  closed  circuit,  it  is  impossible  either 
to  increase  or  to  diminish  this  magnetic  flux  without  setting 
up  induced  currents  in  the  surrounding  conductor  ;  and  these 
induced  currents  always  tend  to  oppose,  and  therefore  to  delay 
the  change  of  the  flux.  Hence,  it  is  possible  to  protect  any 
magnet  pole  against  sudden  changes  in  its  magnetism  by  the- 
simple  device  of  surrounding  it  with  a  solid  coil  or  circuit  of 
copper  to  act  as  a  magnetic  damper.  For  this  end  Brush,  in» 
1878,  surrounded  the  limbs  of  his  field-magnets  with  a  copper 
tube.  In  recent  times  Hutin  and  Leblanc  have  proposed  a 
device  called  an  amortisseiir  (i.e.  a  damper)  to  prevent  distor- 
tions of  the  magnetic  field  under  the  poles.  For  similar 
reasons  the  Westinghouse  Co.  inserts  copper  dampers  between 
the  pole-tips  of  its  alternators  and  converters.  A  copper  ring 
round  a  pole  may  thus  prevent  rapid  changes  in  the  enclosed 
flux,  but  cannot  prevent  distortion  within  the  enclosed  space 
from  one  part  of  the  pole-face  to  another.  To  prevent  this,. 
or  lessen  it,  one  or  more  copper  bars  must  be  inserted  across 
the  pole-face  and  short-circuited  together  by  outer  bands.  As 
induced  currents  can  be  set  up  in  solid  iron  or  steel  as  well 
as  in  copper,  it  follows  that  solid  steel  pole-shoes  to  some 
extent  serve  the  same  purpose  as  magnetic  dampers,  though 
less  effectively  than  an  amortisseur. 

Magnetic   Creeping, — Another    kind    of    after-effect   was. 

*  Journ.  Imt,  Elcc,  Engineers^  Feb.  1895,  and  Pkii,  Trans.^  1895. 
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•discovered  by  Evving,  and  named  by  him  "viscous  hysteresis." 
This  is  the  name  given  to  the  gradual  creeping  up  of  the 
magnetization  when  a  magnetic  force  is  applied  with  absolute 
steadiness  to  a  piece  of  iron.  This  gradual  creeping  may  go 
on  for  half-an-hour  or  more,  and  amount  to  several  per  cent, 
of  the  total  magnetization.  This  is  a  true,  but  slow,  magnetic 
lag,  and  must  not  be  confounded  either  with  the  lag  of  phase 
■discussed  already  under  the  name  hysteresis,  or  with  the 
apparent  lag  due  to  the  retardation  of  the  magnetizing  current 
resulting  from  self-induction,  or  with  the  apparent  lag  observ- 
able in  unlaminated  iron  cores  due  to  eddy-currents  circulating 
in  the  mass  of  the  iron  itself. 

Slow  Changes  in  the  Magnetic  Properties  of  Iron. — When 
iron  is  magnetized  for  a  long  time  by  rapidly  alternating 
■currents,  its  magnetic  properties  undergo  a  slight  change,  so 
that  the  amount  of  energy  absorbed  in  carrying  it  through  a 
given  magnetic  cycle  is  increased.  This  effect  has  been 
observed  in  connection  with  the  working  of  transformers  on 
alternate-current  systems,  and  is  due  to  a  physical  change  in 
the  iron,  which  affects  its  permeability  or  its  hysteresis  loss, 
or  both.  Whether  the  change  is  due  directly  to  the  continual 
reversal  of  magnetization  or  whether  it  is  a  secondary  effect 
caused  by  the  heating,  and  by  the  compression  that  takes 
place  with  the  expansibn  of  the  iron  through  heat,  is  not  cer- 
tainly established,  but  a  series  of  experiments  carried  out  by 
Mr.  W.  M.  Mordey,^  point  to  the  latter  cause  as  being  sufficient 
to  account  for  the  phenomenon. 

Magnetic  Ciraiit  Calculatiofis, — The  remainder  of  the 
present  chapter  is  chiefly  of  historical  interest,  the  methods  of 
calculation  therein  contained  being  now  superseded.  The 
reader  will  find  the  modem  method  fully  set  forth  in 
Chapter  VL,  page  141. 

Knowing  the  magnetic  properties  of  the  materials  with  which  we 
have  to  deal,  we  are  in  a  position  to  calculate  the  number  of  ampere- 
turns  necessary  to  produce  the  desired  flux  in  the  magnetic  circuit  of 
a  dynamo  of  any  given  shape  and  dimensions.     The  magnetomotive- 

*  Proc.   Roy.  Soc.^  Ivii.  1894;   see  also  Allen,  Electrical  Worlds  xli.,   1048, 
June  1903,  for  some  results  obtained  by  the  Bullock  Co. 
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force  M  gilberts,  which  is  equal  to   1-257  the  ampere-turns    C  S, 
depends  upon  the  reluctance  R  of  the  circuit,  and  the  amount  of  flux 
N  required.     ^Ve  in  fact  have  the  general  equation 
M  =  N  X  R. 

But  as  the  total  reluctance  is  made  up  of  the  reluctances  of  various 
parts  of  the  circuit  in  series  with  one  another,  and  which  do  not 
necessarily  carry  the^same  amount  of  flux,  it  is  convenient  to  con- 
sider the  parts  separately.      Re- 
ferring to  Fig.    57,  which   gives 
a    diagrammatic      view    of    the 
magnetic   circuit  of    a    bipolar 
dynamo,    we     have    three  parts, 
namely  an  iron  armature-core,  the 
two  air-gaps,  and  the  iro.i  field- 
magnets. 

If  the  average  length '  of  the 
path  for  the  magnetic  lines  in  the 
armature-core  is  denoted  by  /,  and 
the  average  sectional  area  by  Aj 
and  the  permeability  by  /ii,  the 
reluctance  of  the  cores  will  (see 

p.   82)  be  — !— .     The  total  flux 

/»!  A, 

N  through  the  armature  divided 

by  .\i  gives  the  flux-density  i6,  so  Fig.  57. 

that  ;ii  can  be  ascertained  from 

the  permeability  curve  of  the  material  used.     Then  —  '-  gives  the 

/•i  A, 
magnetomotive-force  required  to  drive  the  flux  through  the  armature 

core.    Similarly  — -r—^-  (where  /,  and  A^  are  the  length  and  area 

respectively  of  one  of  the  air-gaps)  gives  the  magnetomotive-force 
required  to  drive  the  flux  through  the  two  air-gaps.  The  flux  through 
the  ficld-magnets  is  greater  than  that  through  the  armature,  owing  to 
magnetic  leakage.  As  will  be  seen  below,  we  are  able  to  express  the 
average  flux  through  the  field-magnet  in  the  form  v  N,  where  !•  is  a 
number  (generally  about  i  ■  3)  which  can  be  ascertained  from  the 
shape  of  the  magnet  (sec  p.  137).  The  symbol  v  here  stands  for  the 
dispersion   ratio,  or  coefficient   of  magnetic  leakage  (see  page  131 

'  For  an  example  in  llic  eslinialion  of  these  lenjjths  and  areas,  see  page  14R. 
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below).    Having  found  the  permeability  /X3  of  the  material  of  the  field- 
magnet  when  carrying  the  flux  v  N  through  the  area  A3,  we  can  write 

_  _J  for  the   magnetomotive-force   required   for  this   part  of  the 

/*3  A3 

circuit.     Then  the  total  ampere-turns  required  will  be 

1*257       1-257  </xiAi       A2       /ijAj) 

This  method  of  calculation  is  substantially  that  proposed  inde- 
pendently in  1886  by  Drs.  J.  and  E.  Hopkinson,  and  by  Mr.  Kapp. 
But  the  Hopkinsons  went  much  further  in  their  investigation.  They 
plotted  a  separate  curve  for  the  relation  between  the  magnetomotive- 
force  and  the  flux  for  each  separate  part  of  the  magnetic  circuit,  and 
then  summed  up  the  separate  curves  so  as  to  obtain  a  final  resultant 
characteristic  curve.  This  is  done  first  on  the  assumption  that  there 
is  no  magnetic  dispersion ;  and  after  a  first  approximation  has  thus 
been  obtained,  the  theoretical  result  is  compared  with  the  actual 
result  of  experiment,  thereby  affording  a  means  of  estimating  the 
corrections  that  must  be  introduced. 

As  a  matter  of  fact,  the  Hopkinsons  stated  their  formula  a  little 
more  generally.  Instead  of  assuming  the  existence  of  /x  for  the 
different  parts,  they  contented  themselves  with  saying  that  the  flux- 
density  in  each  part  must  be  some  function  of  the  magnetic  force 
acting  in  that  part.  Now,  if  there  be  a  flux  of  N  magnetic  lines 
passing  through  area  A  square  centimetres,  the  flux-density  ^  will  be 
<xiual  to  N/A.  Accordingly,  we  may  write  for  the  magnetomotive- 
force  acting  in  the  armature  part  of  the  magnetic  circuit /(  »  ^ )  ^  A> 

which  "  function  "  may  be  examined  and  plotted  out  as  a  curve.  In 
fact  the  curves  of  magnetization,  such  as  are  given  on  p.  82,  are 
nothing  else  than  curves  which  show  the  relation  between  the 
magnetizing  forces   and    the   amount   of   magnetism   they  induce. 

There   will  be  a  similar  expression  /  ( -r-^ )  X  4  for  the  magneto- 

motive-force  that  acts  in  the  field-magnet  part,  whilst  for  the  gaps  the 

N 
magnetomotive-force   is  simply   ^  X  2  ^ ;  for  the  function  for  air 

=  I.  The  whole  or  integral  magnetizing  force  will  be  got  by  adding 
together  the  separate  terms 

^'•^S;)  +  '  '«  a'  +  ^'-^C  a)  =  4  -  S  C  H-  10. 
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'ITiis  mode  of  stating  the  matter  has  the  following  advantages: — (i) 
The  use  of  the  function  of  which  the  value  is  to  be  found  by 
reference  to  a  curve  or  tabulated  set  of  observations  (such  as  those 
given  in  the  preceding  chapters,  instead  of  merely  using  the  symbol 
ft,  makes  the  expression  more  general ;  (2)  the  separate  terms  being 
differently  affected  by  leakage  of  the  magnetic  lines,  it  is  easy  to  apply 
corrections  separately. 

If  then  we  plot  out,  separately,  curves  for  each  of  the  three  terms, 
so  as  to  show  separately  the  numbers  of  ampere-turns  required  to 
drive  different  amounts  of  magnetic  flux  through  each  of  the  separate 
parts  of  the  circuit,  we  may  then  combine  them  in  a  resultant  curve. 
Having  in  this  way  built  up  a  curve  characteristic  of  the  magnetiza- 
tion, the  Hopkinsons  then  proceeded  to  correct  it  by  considering  the 
dispersion.  They  found  that  in  the  dynamo  experimented  upon  (an 
Edison-Hopkinson)  only  about  three-fourths  of  the  magnetic  lines 
created  in  the  field-magnet  actually  passed  through  the  armature-core, 
the  rest  leaking  across  either  between  the  pole-pieces  through  the  air 
or  the  bed-plate,  or  else  turning  back  from  the  pole-pieces,  to  the  yoke 
at  the  top.  Experiment  gave  for  the  ratio  of  the  magnetic  flux  at  a 
point  half-way  up  the  upright  iron  cores  to  the  flux  through  the 
armature  the  value  v  =  1*32.  Then  in  the  particular  dynamo 
experimented  on  there  was  a  yoke  at  the  top  through  which  the 
length  of  (curved)  path  was  /4,  and  which  had  cross-section  A^.  There 
were  also  solid  pole-pieces,  for  which  the  corresponding  quantities 
were  called  4  and  A5.  Inserting  these  additional  matters  into  the 
equation,  it  now  becomes 

=  4  TT  S  C  -7-  10. 

There  are  now  five  terms  to  be  calculated,  giving  five  curves 
{Fig.  58).  Moreover,  as  is  well  known,  with  descending  magnetizing 
forces  the  curve  of  magnetization  is  different  from  the  curve  with 
ascending  magnetizing  forces.  Fig.  58,  which  is  taken  from  the 
Hopkinsons'  paper,  shows  how  they  plotted  out  both  for  ascending 
and  descending  magnetizations  the  five  curves.  Of  these,  A  relates 
to  the  armature,  B  to  the  two  interstitial  gaps,  C  to  the  field-magnet 
cores,  G  to  the  yoke,  and  H  to  the  two  pole-pieces.  To  obtain  the 
resultant  curve  the  abscissae  at  any  particular  level  must  be  added 
together.  For  example  :  for  a  flux  of  12  millions  of  magnetic  lines, 
the  air-gaps   (curve   B)   required  about    17,500  ampere-turns,   the 
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magnet-cores  (curve  C)  5000,  the  yoke  (curve  G)  about  1000,  and  the 
annature  (curve  A)  about  300,  making  a  total  of  23,800,  which  is 
accordingly  plotted  off  to  the  right.  The  resultant  curve  is  swept 
through  the  points  so  calculated.  The  resultant  ascending  and 
descending  curves  are  both  shown.     They  agree  remarkably  well  with 


AMPERE-TURHS 

Fic.  j8, — Hopkcnson's  rnEDETEMiiMeD  No-load  Charactbristcc  or 

S  AT  U  R  AT  [O  N  -C  U  R  VE. 

the  crosses  and  points  which  were  plotted  out  from  actual  experiment. 
The  dotted  curves  and  the  crosses  surrounded  with  circles  relate  to 
descending  magnetizations.  The  student  should  not  fail  to  consult 
the  original  memoir :  it  has  been  reprinted  in  the  volume  of  Hopkin- 
son's  Original  Papers  (Cambridge,  1901). 
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The  position  of  the  magnetizing  coils  on  the  magnetic  circuit  is  a 
matter  of  some  importance.  The  electric  and  magnetic  circuits  being 
interlinked  wherever  the  coils  are  placed  they  will  exert  the  same 
total  magnetomotive-force,  but  it  is  well,  in  view  of  the  occurrence  of 
magnetic  leakage,  to  place  the  coils  as  near  as  possible  to  that  part  of 
the  magnetic  circuit  where  the  magnetomotive-force  is  required.  As 
has  been  pointed  out  above  (p.  80),  when  there  are  several  coils, 
their  magnetomotive-forces  will  only  be  added  together  if  they  are 
interlinked  with  the  same  magnetic  circuit  \  and  therefore  when  a 
double  magnetic  circuit  is  employed  (as  in  a  dynamo  of  the 
Manchester  type,  for  instance),  each  branch  of  the  circuit  requires  to 
be  wound  with  sufficient  ampere-turns  to  give  the  required  difference 
of  magnetic  potential  between  the  poles.  Thus,  other  things  being 
equal,  twice  as  much  power  is  wasted  in  the  field-magnet.  However, 
as  the  girth  of  each  branch  is  less  than  the  girth  of  a  single  circuit,  it 
is  not  necessar)'  to  use  quite  twice  as  much  copper  in  winding  in 
order  to  have  the  same  loss  per  coil.  In  cases  where  several 
magnetic  circuits  are  required,  as  in  a  multipolar  field-magnet,  it  is 
sometimes  convenient  to  have  only  one  magnetizing  coil  and  interlink 
all  the  magnetic  circuits  with  it ;  such  an  arrangement  is  shown  in 
Fig.  67.  It  would  even  be  possible  to  wind  the  magnetic  circuit 
several  times  round  the  electric  circuit. 


Approximate  Formulae  for  the  Law  of  the 

Electro-magnet. 

Before  the  discovery  of  the  law  of  the  magnetic  circuit,  many 
attempts  were  made  to  find  a  working  formula  to  express  the  amount 
of  magnetism  which  is  produced  in  a  given  electromagnet  by  an 
exciting  current  of  any  particular  value.  Of  these  an  elaborate 
account  is  given  in  the  second  and  third  editions  of  this  book.  As 
they  are  not  now  used  in  dynamo  designing,  they  may  be  very  briefly 
dismissed. 

The  earliest  suggestions  of  Lenz  and  Jacobi  was  a  simple  pro- 
portion between  the  exciting  current  and  the  magnetism  produced. 
This  is  equivalent  to  saying  that  the  curve  of  magnetization  is  a 
straight  line  sloping  upwards  from  the  origin.  Joule  showed  that 
this  law  was  not  true ;  that  with  sufficient  magnetizing  power  satura- 
tion set  in.  Miiller  (followed  by  Von  Waltenhofen,  Kapp  and 
others)  proposed  an  arc-tangent  formula;  suggesting  that  if  the 
exciting  current  be  represented  by  the  length  of  a  straight  line  drawn 
I.  I 
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as  a  tangent  to  a  circle,  then  the  arc  which  it  subtends  will  represent 
the  amount  of  magnetism  which  results.  This  gives  a  saturation 
limit,  but  fails  to  represent  the  facts  in  the  earlier  stages  of  mag- 
netization. Lamont,  from  theoretical  considerations,  proposed  an 
exponential  formula,  from  which  he  deduced  an  approximate  ex- 
pression equivalent  to  the  statement  that  the  permeability  is  at  all 
stages  proportional  to  the  difference  between  the  actual  amount  of 
magnetism  and  its  possible  maximum  amount  Lamont's  formula 
was  revived  by  Frolich,^  and  largely  used  in  various  forms  by  various 
writers,  including  the  author  of  this  book.  Let  us  make  the  sup- 
position that  the  magnetic  flux  N  will  have  at  complete  saturation 
a  maximum  value  N,  and  that  the  magnetizability  of  the  magnet  at 
any  stage  is  proportional  to  the  room  left  for  magnetic  lines,  that  is 
to  N  —  N.  Now,  writing  S  for  the  number  of  spirals  and  C  for  the 
current  flowing  in  them,  we  get  C  S  for  the  ampere-tums  of  exciting 
power,  and  N  -f-  C  S  will  be  the  ratio  of  magnetism  to  magnetizing 
power  or  magnetizability.     We  may  then  write 

_N_  =  N  -N 
CS        ~  h      ' 

where  ^  is  a  constant  of  the  particular  electromagnet  By  simple  trans- 
formation this  equation  becomes 

N  =  N  c s^^.' 

and  it  is  clear  that  the  meaning  of  ^  is :  that  particular  number  of 
ampere-tums  which  ^ill  reduce  the  magnetizability  to  half  its  initial 
value,  or  will  bring  up  the  magnetism  to  half-saturation. 

This  number  of  am()ere-tums  the  author  named  the  diacritical 
number,  and  the  number  producing  half-saturation  he  called  the 
diacritical  current.  Dr.  Frolich  has  independently  made  use  of  this 
conception,  and  has  applied  it  in  his  formula  for  dynamos.  The 
argument  is  his ;  the  notation  here  used  is,  however,  the  author's. 

This  formula,  though  it  does  not  take  into  account  the  difference 
between  ascending  and  descending  magnetizations,  is  quite  good 
enough  to  serve  as  a  first  approximation,  and  is  therefore  useful. 
As  pointed  out  by  Fleming  *  and  by  Kennelly,*  the  justification  of  it 
is  to  be  found  in  the  circumstance  that  the  reluctivity  (or  reciprocal 
of  the  permeability)  is  verj'  nearly  a  simple  linear  function  of  Jf . 

*  EUktrotechnnclU    Zdtschrijt,   pp.   90,  139,    1 70,    1881,  and   p.  73,    1882. 
$ee  also  Dr.  Frolich's  book,  Dit  dynamoelektriscke  Mtxschinen^  Berlin,  1 886. 

*  Joum.  Inst.  Elec.  Engineers^  xv.  570,  1 886. 

*  FUctrical  Worlds  xvii.  358,  1 89 1. 
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CHAPTER  V. 

FORMS  OF  FIELD-MAGNETS. 

With  the  principle  of  the  magnetic  circuit  to  guide  him,  the 
reader  will  have  little  difficulty  in  judging  of  the  relative  value 
of  various  designs  of  field-magnets  and  field-frames  ;    for  he 
will  remember  that  the  magnetic  circuit  of  highest  permeability 
will  have  the  most  compact  form,  greatest  cross-section,  softest 
material,  and  fewest  joints.      In  many  cases,  however,  the 
structure  which  acts  as  magnet  has  also  to  do  duty  as  a  frame- 
work, involving  other  considerations.  Theoretically  it  is  better 
that  the  field-magnet  of  a  simple  2-pole  machine  should  be 
constituted   of   a  single  magnetic  circuit  than   of   two  (see 
p.  113)  ;    though  for  practical  structural  reasons  the  double 
circuit  is  preferable  in  some  cases.     A  double  circuit,  that  is 
to  say  one  resembling  No.  3  or  No.  8  of  the  accompanying 
Fig.  59,  has  in  general  the  advantages  that  it  affords  a  more 
stable  framework,  and  that  its  magnetic  field  is  less  liable  to 
distortion  than  that  of  No.  2.     These  points  should  be  borne 
in  mind  in  considering  the  forms  depicted  in  the  accompanying 
figures.     No.  i  of  these  illustrations  shows  the  type  adopted 
by  Wilde  for  use  with  the  shuttle-wound  armature  of  Siemens. 
Two  slabs  of  iron  are  connected  at  the  top  by  a  yoke,  and  are 
bolted   below  to  two  massive  pole-pieces.      There  are  four 
joints  in  the  magnetic  circuit  in  addition  to  the  armature  gaps, 
and  the  yoke  is  drawn  too  thin.     No.  2  shows  the  form  adopted 
in  the  Edison  dynamos  (standard  bipolar  pattern).     The  up- 
right cores  are   stout  cylinders.     The  yoke  is  of   immense 
thickness  ;  the  pole-pieces  are  massive,  but  their  lower  corners 
are  cut  away.     There  are  as  many  joints  as  in  Wilde*s  form  ; 
but  such  a  circuit  should  possess  a  far  higher  magnetic  con- 
ductivity than  Wilde's,  owing  to   the   greater  cross-section 

I  2 
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One  difficulty  with  such  single  circuit  forms  is  how  to  mount 
them  upon  a  suitable  bed-plate.     If  mounted  on  a  bed-plate 


of  iron,  a  considerable  fraction  of  the  magnetism  witlbeshoit- 
circuited  awa)'  from  the  armature,  as  has  been  shown  in  the 
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preceding  chapter.  In  the  larger  form,  No.  10,  used  at  one 
time  by  Edison,  this  difficulty  was  only  partially  obviated  by 
turning  the  magnets  on  one  side.  In  modern  "  under-type  " 
machines  the  field-frame  is  mounted  away  from  the  bed-plate 
upon  a  gun-metal  or  zinc  foot-step. 

A  favourite  type  of  field-magnet,  having  a  double  magnetic 
circuit  with  "  consequent "  poles,  is  represented  in  No.  3  ;  it 
was  introduced  by  Gramme.  It  may  be  looked  upon  as  the 
combination  of  two  such  forms  as  No.  i,  with  common  pole- 
pieces.  Nos.  3  to  9  may  be  looked  upon  as  modifications  of  a 
single  fundamental  idea.  No.  4  gives  the  form  used  in  the 
two-pole  arc  Brush  dynamo  (plan),  the  two  magnetic  circuits 
converging  upon  the  ring  armature.  The  diagram  will  serve 
equally  for  many  forms  of  flat-ring  machine  ;  but  in  most  of 
these  the  poles  at  the  two  flanks  of  the  ring  arc  joined  by  a 
common  hollow  pole-piece,  embracing  a  portion  of  the  peri- 
phery of  the  ring.  No.  5  shows  an  early  form  of  Siemens, 
with  arched  ribs  of  wrought  iron,  having  consequent  poles  at 
the  arch.  The  circuit  is  here  of  insufficient  cross-section. 
No.  6  depicts  a  form  adopted  by  Weston  :  and  very  similar 
forms  have  been  used  by  Crompton,  and  by  Paterson  and 
Cooper.  There  is  a  better  cross-section  here.  No.  7  is  a  form 
used  by  Biirgin  and  Crompton,  and  differs  but  slightly  from 
the  last  It  has  one  advantage — that  the  number  of  joints  in 
the  circuit  is  reduced.  No.  8  is  a  form  used  by  Crompton, 
Kapp  and  others.  No.  9  is  the  form  adopted  in  the  little 
Griscom  motor.  No.  18  is  a  further  modification  due  to  Kapp. 
No.  19,  which  also  has  consequent  poles,  was  used  by  McTighe, 
by  Joel  and  by  Hopkinson  ("  Manchester  "  dynamo),  by  Clark, 
Muirhead  &  Co.  ("  Westminster  "  dynamo),  by  C.  E.  L.  Brown 
(Oerlikon),  and  in  some  of  Sprague's  motors  ;  but  with  slight 
differences  in  proportions  of  the  details.  The  main  difference 
between  No.  19  and  No.  6  lies  in  the  position  selected  for 
placing  the  coils,  No.  19  requiring  two.  No.  6  four.  No.  20, 
which  is  a  design  of  Elwell  and  Parker,  is  a  further  modification 
of  No.  3,  and  would  be  improved  by  having  a  greater  cross- 
section.  In  No.  3  (Gramme),  it  is  usual  to  cast  the  pole-pieces 
and  end-plates,  but  to  use  wrought  iron  for  the  longitudinal 
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cores.  The  requisite  polar  surface  must  be  got  by  some 
means,  and  when  the  core  was  made  thin,  the  two  courses 
open  were  either  to  fasten  upon  the  core  a  massive  pole-piece 
(Nos.  I,  3, 4, 6,  7,  19,  20),  or  else  to  arch  the  core  (No.  5)  so  that 
its  lateral  surface  was  available  as  a  pole.  Now,  however, 
that  it  is  known  that  massive  cores  are  x)f  advantage,  the 
requisite  polar  surface-  can  be  obtained  without  adding  any 
polar  expansion  or  "  piece,"  but  by  merely  shaping  the  core  to 
the  requisite  form  (No.  8).  This  must  not  be  regarded  as  a 
thinning  of  the  magnet ;  for  though  mere  reduction  of  cross- 
section  at  any  part  of  the  circuit  would  reduce  the  magnetic 
conductivity,  reduction  of  the  thickness  for  the  purpose  of 
bringing  the  armature  more  closely  into  the  circuit  will  have 
quite  the  opposite  effect.  In  fact  the  horizontal  bars  above 
and  below  the  armature  might  be  thinned  away  to  nothing  at 
their  middle  point,  but  for  structural  reasons.  In  all  such 
forms  of  double  magnetic  circuit  each  half  of  the  field-magnet 
may  be  regarded  as  having  to  furnish  magnetic  lines  to  its 
own  half  of  the  armature,  Nos.  Ii  to  15  illustrate  forms  of 
field-magnet  having  salient^  as  distinguished  from  consequent 
poles.  No.  II  is  a  double  Gramme  machine  designed  by 
Deprez.  Nos.  12  and  13  are  two  of  the  innumerable  patterns 
due  to  Gramme  himself.  These  are  both  of  cast  iron  ;  and  it 
will  be  noticed  that  in  No.  13  there  are  no  joints,  it  being  cast 
in  one  piece.  No.  14  is  a  form  used  by  Hochhausen,  and  is 
practically  identical  with  No.  21,  save  in  the  position  of  the 
axis  of  rotation.  The  iron  flanks  of  No.  14  tend  to  produce  a 
certain  short-circuiting  of  the  magnetism  by  their  proximity 
to  the  poles  ;  and  their  sectional  area  is  insufficient.  No.  15, 
used  by  Van  de  Poele,  is  similar.  No.  16  is  the  form  used  by 
the  author  in  small  motors,  and  is  cast  in  one  piece.  The 
semicircular  form  adopted  for  the  core  was  intended  to 
reduce  the  magnetic  circuit  to  a  minimum  length.  No.  17 
has  salient  poles  reinforced  by  other  electro-magnets  within 
the  armature.  No.  21  shows  in  section  the  double  tubular 
magnets  of  the  Thomson-Houston  dynamo,  the  spherical 
armature  being  placed,  as  in  Nos.  1 2,  14,  and  15,  between  two 
salient  poles.     There  is  a  curious  analogy  between  Nos.  2 1 
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and  19;  but  they  entirely  differ  in  the  position  of  thcjcoils. 
No.  22  is  a  design  by  Kapp,  in  which  there  are  two  salient 


poles  of  similar  polarity,  and  two  consequent  poles  between 
them,  one  pair  of  coils  sufficing  to  magnetize  the  whole  quad- 
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mple  dreuit  This  pattern  has  been  much  used  for  small 
machines  by  the  Swiss  engineers  and  by  Kolben  and  Co, 
Almost  identical  forms  have  been  employed  by  Rankine 
Kennedy  ("iron-clad"  dynamo),  No.  25.  Lahmeyer  and 
Wenstrom  employ  iron-clad  forms  resembhng  No.  15. 
That  of  Wenstrom  has'for  its  yoke  an  external  iron  cylinder. 
No.  23,  Fig.  60,  with  armature  at  the  top,  is  known  as  the 
"over-type"  of  bipolar  machines.  It  is  an  old  form  which 
was  revived  in  1884  by  Gramme  ("  type  superieur  "),  by  Kapp, 
by  Siemens  and  by  others.  No,  24  is  Brown's  very  massive 
form.  No.  26  is  designed  by  Professor  Geoi^e  Forbes,  The 
iron-work  is  in  two  halves  ;  the  coils,  which  are  entirely 
enclosed,  are  so  placed  as  to  magnetize  the  armature  directly. 


Figs.  61,  63.— Typical  Forms  of  Fibld-Magnets. 

one  coil  occupying  all  the  available  space  between  the  field- 
magnet  and  the  upper  half  of  the  armature;  the  other  the 
similar  space  around  the  lower  half.  No.  27  is  a  4-pole  form 
adopted  by  El  well-Parker,  and  also  by  Crompton.  No.  28  is 
a  multipolar  form,  used  by  Wilde,  Gramme  and  others,  the 
poles  which  surround  the  ring  being  alternately  of  opposite  sign. 
It  was  at  first  largely  used  for  alternate-current  machines 
such  as  those  of  Westinghouse,  Mather  and  Piatt  (Hopkinson), 
and  others.and  is  now  almost  universal  for  all  large  continuous 
current  generators.  In  No.  22,  a  modification  of  this  design  by 
Thury.for  use  with  adrum  armature,  the  six  inwardly-directed 
poles  are  magnetized  by  coils  wound  upon  the  external  hexa- 
gonal frame.      No.  30  is  a  sketch  of  a  form  introduced  by 


Forms  of  Field-Magnets.  1 2 1 

Siemensand  Halske,  and  also  byGanz,  Feinand  others,  wherein 
an  external  ring  rotates  outside  a  very  compact  and  substantial 
4-pole  electro-magnet.  Similar  machines,  but  with  more  than 
four  internal  poles,  are  lai^ely  used  in  Germany,  for  lai^e 
central  station  machines. 

Another  form  of  field-magnet  is  shown  in  No.  31.  This, 
which  is  a  single  horse-shoe  with  but  one  coil  upon  it,  was 
a  design  by  the  author  of  this  work  early  in  1 886 1  it  was 
used  largely  by  Goolden  and  Co.,  by  Greenwood  and  Batley, 
and  other  British  makers.  No.  32  represents  also  a  machine 
requiring  but  one  coil,  and  is  of  the  iron-clad  type.     A  pattern 


designed  by  Mordey  for  the  Brush  Company  resembling 
No.  32,  had  an  external  iron  cylinder  to  enclose  the  coil.  In 
Fig.  73  is  represented  Lahmeyer's  form,  also  with  inward- 
pointing  poles :  like  the  preceding  it  belongs  to  the  "  iron-clad  " 
type,  the  yoke  of  the  magnet  being  exterior. 

Eickemeyer's  dynamo  (Fig,  63)  realizes  the  suggestion 
of  Forbes  to  place  the  magnetizing  coils  over  the  armature. 
The  coils,  which  are  separately  wound  on  formers,  fit  into 
recesses  between  the  upper  and  lower  yokes  and  the  inwardly 
projecting  polar  masses. 

Fig.  64  represents  a  fonn  of  4-polc  field-magnet,  formerly 
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used  by  the  Brush  Company  for  their  Victoria  (Mordey) 
machines,  having  double  magnetic  circuits  and  consequent 
poles.  The  cores  to  receive  the  coils  are  of  wrought  iron, 
whilst  the  end  frames  and  pole-pieces  are  cast.  This  should 
be  contrasted  with  the  form  of  4-pole  magnet.  Fig.  65, 
designed  in  1887  by  Brown,  and  constructed  by  the  Oerlikon 
works,  for  some  large  300  horse-power  machines  for  trans- 
mission of  power.  These  are  made  entirely  of  cast  iron^  and 
have  salient  poles.  The  direction  of  the  flux  through  these 
machines  is  indicated  by  dotted  lines. 


Frc.  65.— FouR-potE  Magnet  (Brown). 

A  typical  form  of  magnet  for  alternate-current  machines 
is  Fig.  ^,  used  by  Siemens,  Wilde,  Ferranti  and  others, 
having  two  crowns  of  alternate  poles  facing  one  another. 

In  recent  years  a  class  of  alternate-current  machines  has 
sprung  up  and  met  with  considerable  favour,  having  a  single 
exciting  bobbin  common  to  many  poles,  this  bobbin  either 
being  fixed  or  rotating  with  the  field  system.  This  form  of 
Iwmopolar  construction,  originally  due  to  Mr.  Mordey, 
was  further  developed  by  Brown,  who  introduced  the  form 
with   imbricated   poles    or   "  claw-magnets."     The   idea   has 
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recently  been  extended  by  Mr.  V.  A.  Fynn,  who  has  designed 
a  number  of  multipolar  machines  for  continuous  current  upon 
this  plan.  One  of  these,  an  enclosed  motor,  is  shown  in 
Fig.  67,  in  which  the  single  exciting  coil  is  clearly  visible 
owing  to  the  upper  half  of  the  field  frame  having  been  re- 
moved. The  field  poles  are  "  staggered,"  and  on  each  side  of 
the  coil,  as  may  be  seen  from  the  figure. 

In  the  Lundell  motor  a  similar  device  is  employed  to  pro- 
duce a  two-pote  field  excited  by  a  single  oblique  coil  (Fig.  68). 

Among  such  a  multiplicity  of  designs  one  seeks  for  some 
indication  as  to  the  best.  But  the  best  for  one  purpose  is  not 
the  best  for  all.  Some  designs  are  suitable  for  cast  material  ; 
others  for  wrought  iron  ;  others  again,  such  as  Figs.  61  and 


Fig.  66. —Alternate-Current  Field-Magnet. 


64,  afc  expressly  intended  to  be  composite,  having  wrought 
cores  for  the  bobbins  and  cast  polar  masses. 

It  is  desirable,  where  possible,  to  have  the  core  upon  which 
the  coils  are  wound  cylindrical,  as  that  shape  has  the  least 
perimeter  for  a  given  sectional  area,  and  in  consequence  allows 
a  saving  in  copper  wire  as  well  as  making  the  winding  simpler. 
In  modem  multipolar  designs,  both  for  continuous  and  alternate 
current,  the  employment  of  circular  cores  is  rendered  easy  on 
account  of  the  existing  practice  of  constructing  armatures 
whose  axial  length  is  short  in  comparison  with  their  diameter. 
There  is  a  tendency  at  the  present  time  to  make  the  wound 
core  of  a  material  of  high  permeability,  such  as  cast  steel,  so 
that  its  perimeter  can  be  reduced  and  a  saving  effected  both 
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in  iron  and  copper.  As  the  exciting  coils  are  generally  wound 
on  detachable  reels,  the  shape  of  the  field -magnet  should 
permit  of  these  being  put  off  and  on.  For  small  machines  a 
simple  circuit  is  probably  the  best.  For  large  machines  it  is 
found  needful  to  multiply  the  number  of  poles:  and  for 
alternators,  multipolar  forms  are  necessary  for  obtaining  a 
sufficiently  frequent  alternation  of  currents. 

For  facilitating  comparison  as  to  the  weight  of  copper 
required  by  different  shapes  of  field-core  for  equal  ampere- 
turns,  the  following  table  gives  the  relative  lengths  of  wire 
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Fig.  68.— Field-Magnet  of  Lundell  Motor. 

required  to  wind  round  various  forms  of  section  enclosing 
equal  area ;  the  area  of  the  simple  circular  form  being  taken 
as  unity,  and  allowance  made  for  thickness  of  winding: — 

Circle 354 

Square 4*00 

Rectangle,  2:1 4*24 

Rectangle,  3:1 4*62 

Rectangle,  10  :  I 6*91 

Oblong  made  of  one  square  between  two  semicircles  .        .  3*76 

Oblong  made  of  two  squares  between  two  semicircles .        .  4'  28 

Two  circles  side  by  side 4*997 

Two  circles,  but  wire  wound  round  both  together  .  4*  10 

Three  circles      ,,         „         ,,  each  separately     .         .  6*13 

Four  circles        „        „        „        ,,        ,,         „  •  7'09 

For  pole-cores  of  elliptical  section  it  is  convenient  to 
remember  that  the  perimeter  of  an  ellipse  having  major  and 
minor  axes  a  and  b  is  approximately  equal  to  that  of  a  circle 
the  diameter  of  which  is  f  of  the  arithmetical  mean  less  \  of 
the  geometrical  mean  between  ^  and  ^. 
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Symmetry  of  Field-magneis. — It  was  pointed  out  on  page 
115,  that  in  2-pole  single-circuit  field-magnets  the  field  is 
unsymmetrical.  Forms  with  a  double  magnetic  circuit  such 
as  Nos.  15  and  24  are  preferable  to  those,  such  as  Nos.  2,  23, 
and  31,  with  a  single  magnetic  circuit,  in  all  cases  where  there 
is  likely  to  be  much  armature  reaction.  For  in  such  forms  as 
No.  23,  the  field  is  weaker  under  the  two  upper  pole-tips  than 
between  the  two  lower  ends  of  the  pole-faces ;  in  consequence 
there  is  a  powerful  attraction  downward  of  the  armature. 
Further,  because  of  this  inequality  of  field  the  cross-magne- 
tizing force  of  the  armature  will  produce,  in  the  single-magnet 


Fic.  69. — Half  of  a  EKiuble- 

orms,  an  unsymmetrical  distortion.  As  a  consequence  there 
is  sure  to  be  sparking  at  the  brushes,  which  may  however  be 
partly  remedied  by  setting  one  brush  a  little  ahead  of  the 
other,  that  is,  the  brushes  will  not  have  equal  angles  between 
them.  For  large-load  bipolar  armatures,  it  is  advisable  not 
only  to  use  double-magnets,  but  to  separate  their  two  halves 
by  a  distance-piece  of  brass. 

In  calculating  those  forms  of  field  system  which  have 
double  or  multiple  magnetic  circuits,  it  is  usual  to  simplify 
matters  by  considering  one  element  of  the  whole,  and  making 
the  calculations  for  it.  Thus,  for  example,  in  Fig.  69, 
which  depicts  the  half  of  such  a  machine  as  No.  8  of  Fig.  59, 
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it  is  sufficient  to  calculate  the  magnetic  reluctances  of  half  the 
machine  in  order  to  ascertain  the  number  of  ampere-turns 
that  must  be  wound  upon  it ;  a  similar  number  being  wound 
upon  the  other  half. 

Forms  of  Pole-pieces. — A  few  continuous-current  machines, 
and  the  majority  of  alternate-current  generators,  have  no 
special  polar-shoes  :  but  most  continuous-current  machines  are 
designed  with  an  extended  pole-piece  or  pole-shoe  which  covers 
a  wider  arc  than  the  mere  end  of  the  pole-core  would  do. 
Great  attention  has  been  paid  to  the  special  shaping  of  these 
polar  parts,  which  in  some  cases  are  constructed  as  separate 
shoes  attached  to  the  core.  It  is  in  fact  found  that  upon  the 
proper  adaptation  of  these  parts  depends  the  satisfactory 
performance  of  the  machine  in  sparkless  running.  Some 
account  of  these  varieties  of  shape  is  to  be  found  at  the  end  of 
Chapter  X. 

The  advantage  of  the  extended  size  of  pole-shoe  is  that  it 
reduces  the  reluctance  of  the  air-gap,  thus  enabling  fewer 
exciting  coils  to  be  used.  On  the  other  hand,  there  is  distinct 
advantage  in  having  the  pole-shoe  itself  well  saturated.  Hence 
to  fulfil  both  conditions  it  ought  either  to  be  made  of  a  less 
permeable  material  than  the  pole-core — for  example  of  cast 
iron  rather  than  of  wrought  iron  or  mild  steel.  Or  if  made  of 
stampings  of  iron  or  soft  steel  it  ought  to  be  so  designed  that 
its  inductive  edges  at  least  should  be  well  saturated.  It  is 
well  known  that  for  satisfactory  commutation  at  all  loads 
without  shift  of  brushes  it  is  of  advantage  that  there  should 
be  a  relatively  large  number  of  ampere-turns  of  excitation 
applied  in  driving  the  flux  across  the  gap  and  through  the 
teeth.  There  is  in  reality  no  advantage  in  a  wide  gap  for  this 
purpose.  It  would  be  better  to  fill  the  gap  as  far  as  possible 
with  highly  saturated  iron.  Perforating  the  pole-faces  (if  of 
laminations)  with  closed  slots  and  narrowing  the  gap  to  a 
minimum  would  yield  good  results  :  but  they  can  be  attained 
more  cheaply  in  other  ways.  A  machine  with  highly- 
saturated  pole-shoes  will  regulate  better  than  one  not  so 
highly  saturated. 

Forms  of    Yokes. — The   yokes  ot    almost   all   machines 
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exceeding  20  kilowatts  are  now  made  as  a  ring  from  which 
the  poles  protrude  inwardly.  To  secure  stilTness,  the  section 
of  the  yoke  is  sometimes  provided  with  external  ribs.  Fig,  70 
gives  a  number  of  typical  forms,  of  which  A,  B  and  C  are  suited 
for  cast-iron  yokes.  The  form  C  is  that  used  in  the  Crocker- 
Wheeler  multipolar  machines ;  D  is  affected  by  Kolben  and 
by  the  Oerlikon  Co. ;  E  by  Mr.  Parshall  and  by  the  General 
Electric  Co.  (Schenectady).  Often  the  yokes  are  contracted  in 
witha  species  of  dimple  behind  the  seats  of  the  pole-cores,  where 


D  E 

Fig.  70.— Various  SEcrroNs 


agreat  thickness  of  iron  would  serve  no  useful  function.but  these 
parts  are  sometimes  stiffened  with  a  wider  rib  as  in  Fig.  71  B. 
Where  detachable  pole-cores  are  employed  the  seating  on  the 
yoke  is  usually  faced  off  flat  to  receive  cast-steel  cores  :  but  if 
the  pole-cores  are  made  of  stampings  the  seating  is  generally 
bored  concentrically,  and  the  stampings  are  often  held  up  by 
a  dove-tail  bar  inserted  transversely.  The  author  recommends 
as  simpler  a  cylindrical  bar  as  in  Fig.  71  C.  It  is  usual  to 
employ  two  screw.s,  or  one  screw  and  a  steady-pin,  rather  than 
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bolts,  for  securing  the  pole-cores  to  the  yoke,  in  order  that 
individual  poles  may  be  removed  while  the  armature  is  in 
place. 

Division  of  tJie  Yoke. — To  permit  of  inspection  or  repair  of 
the  armature,  it  must  either  be  made  removable  longitudinally 
or  else  the  yoke  must  be  divided  to  permit  of  removal.  A 
frequent  plan  is  to  divide  the  yoke  across  a  horizontal  diameter 
into  an  upper  and  a  lower  half,  the  lower  being  seated  on,  or 
cast  in  one  with  the  bed-plate,  while  the  upper  is  furnished 
with  an  eye-bolt  or  two  eye-bolts  to  permit  of  raising  it.     The 


Fig.  71.— Attachments  of  Pole-Cores. 

joints  so  admitted,  even  if  carefully  faced,  and  well  bolted 
together,  add  a  little  reluctance  to  the  magnetic  circuits.  If  Jel 
6-pole  machine  is  thus  built,  with  three  poles  on  each  half,  it 
is  certain  that  unless  there  is  slightly  more  excitation  wound 
on  the  4  poles  nearest  the  joints  in  the  yoke,  they  will  be 
slightly  less  strong  than  the  other  two  poles.  This  effect  of 
joints  may  be  minimized  by  enlarging  the  area  of  contact,  as  is 
to  be  seen  in  so  many  examples  in  this  book.  In  some  cases 
the  division  of  the  yoke  is  made  in  a  vertical  plane,  as  in  the 
case  of  the  8-pole  metallurgical  machine  of  Brown,  Plate  VII., 
and  Fig.  403,  p.  610. 
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CHAPTER  VI. 

MAGNETIC   CALCULATIONS  AS   APPLIED   TO 
DYNAMO   MACHINES. 

Based  upon  the  fundamental  magnetic  principles  already 
dealt  with  in  Chapter  IV.,  we  now  proceed  to  extend  them  to 
the  case  of  the  actual  calculations  as  required  in  commercial 
designing.     We  have  seen  that  to  produce  a  definite  electro- 


Fig,  72. — Stray  Field  ov  an  Edison- Hopkinson  Dy.VAUO. 

motive-force  with  a  given  number  of  conductors  rotating  at 
a  given  speed,  a  certain  magnetic  flux  must  be  cut  by  them. 
The  function  of  the  field  system  of  a  dynamo  is  to  provide 
this  flux,  which  may  be  called  the  useful  fiux  because  it  is 
the  actual  flux  being  cut  by  the  conductors  and  producing 
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the  electromotive-force.  Now  look  at  Fig.  72,  which  shows 
a  typical  bipolar  magnetic  circuit.  In  addition  to  the  useful 
flux  in  the  air-gap,  there  is  a  stray  flux  from  all  parts  of 
the  fleld  system,  and  both  the  useful  and  stray  fluxes  have 
to  be  produced  by  the  exciting  ampere-turns  wound  on  the 
magnet  limbs. 

If  we  call  the  total  flux  (per  pole)  produced  by  the 
exciting  coils  in  the  magnet  core  N,^ ,  the  useful  flux  which 
actually  enters  the  armature  N^,  and  the  stray  flux  which  is 
dispersed  N,  ;  then  obviously 

N»=  N,  +  N,. 

The  ratio  of  the  stray  flux  to  the  useful  flux  is  sometimes 
called  the  dispersion.  The  ratio  of  the  total  flux  to  the 
useful  flux  is  called  the  coefficient  of  dispersioft,  or  coefficient  of 
allowance  for  leakage^  or,  less  correctly,  the  leakage  coefficiefit, 
and  is  denoted  by  the  symbol  v.    Thus  we  have  : — 

This  coefficient  of  dispersion  is  therefore  a  number  greater 
than  unity.  It  varies  between  1*15  and  1*7  in  the  usual 
types  of  machine. 

Example. — In  a  certain  8-pole  tramway  generator  the  total  flux 
per  pole  in  the  magnet  core  was  18,672,000  lines.  Of  these  only 
15,400,000  entered  the  armature,  while  2,772,000  w^ere  dispersed. 
The  coefficient  of  dispersion  was  therefore  v  =  i  •  18,  the  stray  flux 
being  18  per  cent,  of  the  useful  flux. 

Although  the  stray  field  does  not  directly  cause  a  waste  of 
energy,  yet  it  is  objectionable  in  any  machine  on  account  of 
the  extra  material  that  must  be  put  into  the  field  system  to 
make  up  for  it— that  is,  more  iron  is  necessary  in  the  yoke 
and  pole  cores  to  carry  the  extra  flux,  and  the  length  of  each 
turn  of  the  copper  winding  round  them  is  increased.  It  be- 
comes of  importance,  therefore,  to  design  magnetic  circuits  to 
have  a  minimum  amount  of  magnetic  dispersion  in  order  to  save 
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cost  The  magnitude  of  the  stray  field  depends  chiefly 
upon  (a)  shape  of  the  magnet  limbs — thus  circular  cores  will 
have  less  leakage  than  those  of  rectangular  shape,  on  account 
of  the  smaller  area  of  the  side  flanks  ;  (i)  upon  the  length  of 
the  air-gap,  because  the  greater  the  reluctance  of  the  latter 
the  greater  the  tendency  for  the  flux  to  take  other  alternative 
paths ;  and  (c)  upon  the  degree  of  saturation  to  which  the  field 
system  is  pushed,  because  the  magnetic  conductivity  of  the 
leakage  paths  in  the  air  is  constant  while  that  of  the  iron  cores 
decreases  as  the  degree  of  saturation  is  raised.  It  is  evident, 
therefore  also,  that  not  only  will  the  coefficient  of  dispersion 
vary  with  different  types  of  machine,  but  it  cannot,  as  a  rule. 


(■'hj.  73.— Exploring  the  Magnetic  Dispersion  of  a  Dynamo. 

be  constant  with  a  given  machine  but  must  vary  with  the  exci- 
tation. Moreover,  when  a  large  current  is  being  taken  from 
the  armature,  the  demagnetizing  action  of  the  armature  due  to 
thefonvard  lead  of  the  brushes,  directly  promotes  dispersion,  as 
it  raises  an  opposing  magnetomotive-force  in  the  direct  path 
of  the  magnetic  lines,  tending  to  blow  them  aside,  as  it  were. 

An  idea  of  the  actual  distribution  of  the  magnetic  flux  in 
the  field  system  of  a  continuous-current  machine,  is  given  by 
the  results  of  some  measurements  made  by  Lahmeycr  upon  the 
bipolar  dynamo  shown  in  Fig.  73.  By  means  of  a  method 
presently  to  be  described,  he  measured   the  flux  across  the 
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armature  at  A  and  at  the  points  I  to  V,  along  the  magnetic 
circuit,  his  results  being  given  in  the  table  below. 


A 

780 

100 

I 

I 

788-5  ' 

lOI 

i-oi 

II 

861 

1 

no 

I '10 

III 

876      , 

112 

1*12 

IV 

850      1 

109 

1-09 

V 

749 

96 

096 

Column  2  gives  the  galvanometer  readings  for  the  exploring 
coils  ;  and  column  3  the  percentage  flux  at  each  position  in 
terms  of  the  useful  flux  at  A.  The  last  column  gives  the  coef- 
ficient  of  dispersion  for  the  different  distances  along  the  magnet, 


--^-'  V 


Fig.  74. — Stray  Field  of  Siemens'  Dynamo. 

the  maximum  being  that  at  position  III,  and  which  value  is 
therefore  taken  as  the  dispersion  coefficient  of  the  machine. 

Fig.  74  shows  tTie  stray  field  of  a  Siemens  and  Halske 
bipolar  machine  of  the  "over"  type,  examined  by  Dr. 
Niethammer. 
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The  most  accurate  way  of  finding  the  dispersion  coefficient 
of  a  machine  is  by  experim^t.  If  in  the  case  of  a  bipolar 
d>'naino  we  wind  around  the  armature  a  search  coil  with  its 
plane  at  right  angles  to  the  magnetic  flux,  and  connect  it  up 
to  a  ballistic  galvanometer,  we  shall,  upon  making  or  breaking 
the  exciting  current,  obtain  a  throw  Di  proportional  to  the 
flux  passing  from  pole  to  pole.  If  the  search  coil  be  wound 
upon  the  limbs  just  at  the  neck  of  an  exciting  coil,  a  second 
throw  Dj  may  be  obtained  in  the  same  way,  and  which  will 
be  proportional  to  the  total  flux  produced  by  the  windings. 
Then  we  have 

for  the  particular  excitation  used. 

Before  jeach  reading,  the  current  in  the  fields  should  be 
reversed  several  times  in  order  to  wipe  out  any  residual 
magnetism.  In  order  to  allow  for  the  efiect  of  the  armature 
current,  a  few  accumulators  in  series  \t'ith  an  adjustable 
resistance  may  be  connected  to  the  brushes,  and  an  appro- 
priate lead  given  to  them,  the  direction  and  amount  of  the 
current  being  such  that  the  armature  demagnetizes  the  field- 
magnets  to  the  same  extent  as  would  be  the  case  with  the 
machine  running  on  full  load.  The  ratio  of  the  maximum 
thiow  to  the  throw  given  by  the  armature  search  coil  under 
these  conditions  will  then  approximately  give  the  full-load  dis- 
persion coeflicient.  The  principal  objection  to  this  method  is 
the  great  strain  it  imposes  upon  the  insulation  of  the  magnet 
coils.  As  a  general  rule  it  cannot  be  employed  with  shunt 
windings,  and  for  such  machines  a  test-winding  of  fewer  turns 
(and  correspondingly  larger  section)  must  be  wound  on. 

This  method  is  due  to  the  late  Dr.  J.  Hopkinson,  who  found 
the  dispersion  coefficient  of  a  bipolar  dynamo  of  the  **  under  '* 
type  to  be  I "  32. 

Another  method  is  by  means  of  an  alternate  current. 
Wind  on  a  search  coil  of  Sj  turns  as  before,  and  connect  it  to 
a  voltmeter.  Now  send  an  alternating  current  (preferably  of 
low  frequency)  of  known  electromotive-force   Ei  round  the 
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field  coils,  whose   number  of  turns  Si   is   known, 
voltmeter  reading  be  E,.     Then 

a  ^"^  and  N«  a  ^. 


Let   the 


N 


Hence 


El  X  So 

y  as  — . f , 

Ea   X    Si 


The  eddy-currents  produced  by  the  alternating  flux  in  the 
solid  cores  would  not  affect  the  results,  but  might  be  incon- 
venient if  the  current  were  left  on  too  long. 

The  third  way  of  determining  the  dispersion  coefficient  is  by 
experiment  upon  the  finished  machine,  whose  dimensions  and 

7 


Fig.  75. — Estimation  of  Dispersion  by  Exploring-Coils. 

winding  data  are  known.     The   method  applied  to  a  shunt 

machine  is  as  follows. 

Run  the  machine  at  its  normal  speed  of  n  revolutions  per 

second,  with  its  full-load  of  C^  amperes.     Measure  the  shunt 

current  C^,  and  electromotive-force  at  terminals  V  ;  and  also 

note  the   lead  of  the  brushes.     From  the  resistance  of  the 

armature  (brush  to  brush)  and  the  load  current,  we  calculate 

the  ohniic  drop  as  R^  X  €«.      This  added  to  V  gives  E,  the 

volts  actually  generated  at  full-load.     The  full-load  useful  flux 

must  hence  be 

j^    _  E  X  io\ 

"  "  ~n  XZ   ' 
where  Z  stands  for  the  number  of  armature  conductors. 
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Now  calculate  (see  page  152)  the  ampere-turns  required  to 
drive  a  flux  of  N«  lines  through  the  whole  magnetic  circuit. 
Call  them  Xj.  From  the  known  lead  of  the  brushes  and  the 
armature  current  calculate  the  value  of  the  demagnetizing 
ampere-turns  as  indicated  on  page  258.   Subtract  them  from 


TABLE  IX.— Fluxes  in  Various  Parts  of  a  Dynamo. 
M  P  6—400—500  (G.  E.  Co.). 


Number 

of 

Coil 

Fig.  75. 

Flux  Through  that  Part 

With  zo'5  Ptnperes 
in  Field. 

With  ZQ'a  amperes 
io  Field. 

With  33*4  amperes 
in  Field. 

\a 

2,220,000 

2,670,000 

3.060,000 

1 

2,284,000 

2,770,000 

3,111,000 

2            » 

3,660,000 

5,465.000 

6,180,000 

3        ' 

3,880,000 

5,840,000 

6,615,000 

4         1 

4,620,000 

6,120,000 

6,950,000 

Sa 

4,895,000 

6,350,000 

7,400,000 

5^ 

4,900,000 

6,480,000 

7,525,000 

5^ 

4,750.000 

6,290,000 

7,333»ooo 

6 

4,830,000 

6,470,000 

7,385,000 

7 

2,356.000 

3,120,000 

3.575»ooo 

8 

2,480,000 

3,100,000 

3,470,000 

9 

2,500,000 

3,120,000 

3,500,000 

10 

34,000 

44,200 

54,000 

ila 

3,910  000 

5,140,000 

6,180,000 

11^ 

4,000,000 

5,200,000 

6,115,000 

12a 

498,000 

73", 000 

985,000 

12^ 

473»«x> 

728,000 

934.000 

the  observed  full-load  ampere-turns  Sm  C^,  obtaining  a  value 
Xa.     Then  the  dispersion  coefficient  is  approximately  given  by 

X, 
X, 

To  obtain  a  nearer  approximation,  take  the  value  of  de- 
magnetizing ampere-turns  as  calculated,  multiplyby  this  value 
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of  Vy  and  then  subtract  from  Sm  Cm,  obtaining  a  new  value 
for  X2  to  be  used  as  above.  But  this  method  as  a  whole  is 
not  capable  of  giving  very  accurate  results. 

A  highly  detailed  examination  was  made  at  Schenectady 
upon  a  multipolar  dynamo,  to  ascertain  the  fluxes  through 
the  various  parts.  A  large  number  of  exploring  coils  were 
wound  over  the  machine  as  indicated  in  the  accompanying 
F^S'  75-     l*^^  results  are  given  in  Table  IX. 

Looking  at  the  figures  in  the  last  column,  with  the  excita- 
tion at  its  highest,  we  see  that  the  maximum  flux  in  the  pole- 


TABLE  X.— Dispersion  Coefficients. 


Ovei- 
Output  in        type  as 
Kilowatts        No.  33, 

1  P-  ;«9- 

1 
1 

1  10         5     1*4 

Under- 
p.  zz6. 

—  , 

1-6 

Single- 
Magnet 
Type,  a. 
No.  31, 
p.  zao. 

1 

Man-    '  Bi-po1ar 
Chester    Iron-clxd 
Tvpe,  as  Type,  as 
No.  94,     No.  95. 

p.  1x9.      p.  11^ 

1*7        1*30 

1 

Double   Fouiwpole'    Multi- 
u!!r  i  Iron-clad      polar 
xirS^  -.  Type,  as  '  Type.  .•». 

: 

1-65    ,    1*75       1*5 

IS      ^'^s     1-32 

1-4         1*45       1*28 

127         1*22 

1-55 
14 

5  to 
25  to 

25      1'28 

1-45 

X'55          1*22 

1*45       i'*^ 

1 

•  •            1            .  • 

100      1*22 

I  35 
1*25 

•  • 
1 

I  32 

•  • 

•  • 

100  to 
300  to 

i 
300 

1000 

1 

1 

1*12 

1                                      1 

core  was  about  7,400,000  lines.  Of  these  about  6,180,000 
actually  entered  the  armature,  the  sum  of  the  fluxes  measured 
by  exploring  coils  Nos.  \a  and  \b  agreeing  closely  with  that 
of  No.  2.  The  yoke  appears  to  be  of  insufficient  section,  as 
the  flux  passing  through  No.  8  is  less  than  half  of  that 
through  Nos.  5  or  6.  Taking  the  figures  above  we  see  that 
the  coefficient  of  dispersion  at  the  highest  excitation  is 
V  =  I  •  19. 

Table  X.  given  above  shows  the  value  of  the  dispersion 
coefficient  for  various  types  and  sizes  of  machines,  the  values 
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in  every  case  being  if  anything  in  excess  ol  the  true  amount, 
as  they  have  been  obtained  from  calculation  and  experiment 
under  the  mostlunfavourable  conditions.*  Magnetic  dispersion 
is  always  greater^with  the  smaller  sizes  of  machine,  on  account 
of  the  difficulty  of  properly  dimensioning  the'  field-system. 
It  is  also  greater  with  cast-iron  magnets  and  pole-pieces,  and 
as  we  have  seen  already,  with  smooth  core  armatures.  The 
values  given  below  may  consequently  be  looked  upon  as  being 
high  for  slotted  armatures  and  wrought-iron  or  cast-steel 
fields. 

Calculation  of  Dispersion. 

It  is  possible  to  predetermine,  from  the  working-drawings 
of  a  dynamo  before  it  is  built,  the  probable  amount  of  dispersion. 
Calculations  of  the  dispersion  are  based  upon  the  principle  that 
where  a  circuit  offers  alternative  paths,  the  magnetic  flux  will 
divide  itself  between  the  paths  in  the  proportion  of  their 
relative  facility  for  flow,  exactly  as  an  electric  current  divides 
where  there  are  alternative  conducting  paths.  In  fact,  the  law 
of  shunts  has  been  found  to  hold  good  for  magnetic  lines. 
The  reader  should  consult  the  researches  of  Ayrton  and 
Perry  ^  on  this  point.  It  follows  that  along  any  branched  part 
the  joint  permeance^  (or  magnetic  conductance)  will  be  the 
sum  of  the  permeances  of  the  separate  paths.  Hence,  if  the 
permeances  of  the  separate  paths  of  the  useful  and  waste 
magnetic  fluxes  of  a  dynamo  are  known,  the  coefficient  of 

*  Sec  Dynamo-machines^  by  A.  Wiener,  1902.  For  earlier  data  on  the  stray 
fields  of  dynamos,  see  Hering  in  El.  Rev.^  xxi.  186  and  205,  1887  :  Carhart, 
Electrician,  xxiii.  644,  1889 ;  Wedding,  Electrot.  Zeitschrift,  xiii.  67,  1892 ; 
Mavor,  Electrical  Engineer,  xii.  428,  1894:  W.  B.  Esson  in  Jourti,  Inst.  Elec- 
trical En^neers,  Feb.  1890 ;  and  W.  L.  Puffer  in  Technology  Qttarterly,  iv.  205, 
Oct.  1 89 1.  Some  recent  researches  on  magnetic  dispersion  are  tliose  of  Rotheit 
in  the  Elektrotechnische  Zeitschrift  1<jt  May  26,  1898 ;  and  Picou,  Bul'etin  Soc. 
Internat.  des  &lectriciens,  June  1902,  p.  425.  Attempts  to  reduce  dispersion  are 
discussed  by  Kelly  in  Electrical  World,  xxxii.  16 1,  1898,  and  by  Guilbert  in 
V&clairage  6.lectrique,  xviii.  298,  1899. 

*  Joum.  Soc.  Teleg.  Engineers  and  Electricians,  530,  1886. 

*  Permeance  is  of  course   the  reciprocal  of   magnetic   reluctance;   just   as 
electric  conductance  is  the  reciprocal  of  electric  resistance. 
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dispersion,  v,  can  be    calculated,  it  being   the  ratio,  of  the 
total  flux  to  the  useful  flux.     Call  the  useful  flux  u  and  the 

waste  flux  w ;  then 

//  +  «; 
1/  = 

u 

But  each  of  these  is  a  complicated  quantity  ;  therefore  the 
more  complete  formula  is 

y  _  U\  +  U2  +  U3  +     .    .    .    .    +  ze/i  +  Wa  +  «''3  +     •    •    •    • 


Ui  +  U2  +  th  + 


•    ■    • 


In  order  to  determine  the  separate  permeances  along  the 
various  leakage  paths,  we  must  resort  to  some  useful  rules  or 
lemmas  originally  suggested  by  Professor  Forbes,*  which  con- 
sist in  certain  approximate  integrations.  For  the  convenience 
of  British  engineers  the  values  have  been  re-calculated  into 
inch  measures  instead  of  centimetre  measures. 

The  unit  reluctance  and  unit  permeance  are  so  chosen  as 
to  obviate  the  subsequent  necessity  of  multiplying  the  ampere- 
turns  by  47r  4-  lo.  This  will  make  the  reluctance  of  the  inch 
cube  of  air  equal  to  10  -r  4  tt  divided  by  2  •  54  =  O"  3133  ;  and 
its  permeance  to  3*  1918.^ 

Rule  /. — Permeance  between  two  parallel 
areas  facing  one  another.  Assume  (Fig. 
76)  that  the  magnetic  lines  are  straight 
and  equally  distributed  over  the  surface : 
then,  Fig.  76. 


Permeance  =  3*  19 18  X  mean  area  (square  inches)  -f-  distance 

(inches)  between  them 

=  1-596  X  {A^'  +  A^')^d\ 

Rule  IL — Permeance  between  two  equal  adjacent  rectangular 
areas  lying  in  one  plane.     Assuming  the   lines   of  flux   to 

'  Jtmrn,  Sac,  Teieg,  Engineers,  xv.  551,  18S6. 
'  See  the  Author's  work  The  Electromai^net, 
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be  semicircles,  and  that  distances  d"  and  d^'  between  their 
nearest  and  furthest  edges  respectively  are  given  ;  also  d*  their 
width  •along  the  parallel  edge  : — 

dr 


Permeance  =  2  •  274  x  a"  X  logw 


Rule  II L — Permeance  between  two  equal  parallel  rectangu- 
lar  areas  lying  in  one  plane  at  some  distance  apart.  Assume 
(Fig.  78)  the  lines  of  flux  to  be  quadrants  joined  by  straight 
lines : — 


^        ^      ^       V 


«.    »    % 


■ '  ' '  f    7  v. : '.  ! 

k    04-  •' 


Fig.  77. 


Fig.  78. 


Permeance  =  2  •  274  x  a"  X  logio  {  ^  +  ^        ,,, — —  \  • 

^///?  /F. — Permeance  between  two  equal  areas  at  right- 
angles  to  one  another. 

Permeance  =  double  the  respective  values  calculated 
by  Rule  11. 

If  measures  are  given  in  centimetres  these  rules  become 
the  following : — 

I.     i(Ai  +  A2)-rf. 

II.    ^  hyp.  log  ]  . 
TT  a\ 


III.  ^hyp.log(i+'^^'''^-'^»>). 


Using  these  rules  to  predetermine  the  stray  field  to  fly- 
wheels, pedestals  and  shafts,  it  is  possible  from  the  working 
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drawings  to  predict  the  performance  of  a  machine  to  within 
2  per  cent. 

The  author  has  given  (in  his  work  on  The  Electromagnet) 
some  further  rules,  including  the  case  of  permeance  between 
two  parallel  cylindrical  limbs.  The  reader  should  also  consult 
the  writings  of  Kapp/  Wiener'  and  Arnold  '  for  the  predeter- 
mination of  the  dispersion  coefficient,  the  last  named  author 
going  into  the  question  at  great  length. 

Goldsborough  ^  has  laid  down  the  theorem  that,  assum- 
ing a  fixed  difference  of  magnetic  potential  between  the 
surface  of  a  pole-piece  and  that  of  an  armature  core  (the 
latter  surface  supposed  to  be  smooth),  the  intensity  of  the 
magnetic  field  at  any  point  at  the  surface  of  the  armature  will 
be  proportional  to  the  sum  of  the  reciprocals  of  the  distances  of 
t/iat  point  from  all  the  points  on  the  perimeter  of  the  pole-piece 
made  by  a  section-plane  passing  thrctigh  that  point  On  this 
principle  he  has  calculated  the  distribution  of  the  flux  in  the 
gaps  in  certain  cases. 

By  definition  the  dispersion  coefficient  i^  =  (N^  -f-  N,)  -^ 
N«  ;  and  as  the  useful  and  stray  fluxes  are  respectively  propor- 
tional to  the  permeances  of  the  useful  and  stray  paths,  if  we 
write  P«  for  the  permeance  through  the  gap  and  teeth,  and 
P,  for  the  permeance  of  the  stray  field,  we  may  write  v  = 
(P,  4-  P#  )  -T-  P« .  Now  Ys  is  a  constant,  being  through  air, 
whereas  P,  being  partly  through  air  and  partly  through  iron 
will  diminish  as  the  saturation  of  the  teeth  increases  towards 
full-load.     Hence  v  will  rise  as  the  excitation  is  increased. 

Determination  of  Exciting  Ampere-Turns. 

The  calculation  of  the  ampere-turns  necessary  to  drive  a 
certain  useful  flux  N^  across  the  air-gap  of  a  dynamo  is  a 
straightforward  matter  if  we  know  the  dispersion  coefficient  of 

>  Elditromtchanische  Kotutructumen^  by  G.  Kapp,  p.  9. 

•  Dynamo'tnachiites^  by  A.  Wiener,  1902,  pp.  217-265,  and  614-628. 

■  Die  GleichstronfMasckinen,  1902  ;  see  also  Elictrical  Enginar^  Sept.  II 

1903.  P-  395- 

*  Trans,  Amcr,  Inst.  El,  Engineers,  June  30,  1898,  p.  515, 
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the  machine,  and  the  magnetic  properties  of  the  materials 
used  to  carry  the  flux,  as  laid  down  in  curves  such  as  those 
in  Plate  I. 

The  method  of  using  these  curves  for  the  purposes  of 
dynamo  calculation  is  as  follows.    We  are  given — 

N^  useful  flux  per  pole  ; 

Ai  magnetic  area  of  yoke  ; 

Aa  „              of  field-cores ; 

A3  „              of  air-gap ; 

A4  „              of  teeth  under  one  pole  ; 

A5  „              of  armature  core  ; 

Li  length  of  magnetic  path  in  yoke  ; 

La  „               „                in  two  field-cores ; 

L3  „              „                in  two  air-gaps  ; 

L4  „              ,.                in  two  teeth ; 

L5  „              „                through  armature  core ; 

and  the  question  is  to  find  the  ampere-turns  per  pair  of  poles 
necesSary  to  produce  the  flux  of  N^  magnetic  lines  in  the 
air-gap. 

Now  the  total  flux  is 

Consequently,  by  dividing  this  by  the  magnetic  area  of  yoke 
and  magnet-cores  we  obtain 

Bi     flux-density  in  the  yoke. 

Ba  „  in  the  magnet-cores. 

Also,  by  dividing  the  useful  flux  N^  by  the  magnetic  area  ot 
air-gap,  teeth  and  armature-core,  we  obtain  respectively 

Bj    flux-density  in  air-gap. 

B4  „  in  teeth. 

B5  „  in  armature-core. 

To  find  the  ampere  turns  necessary  for  yoke,  magnet-cores. 
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teeth,  and  armature-core,  all  we  have  to  do  is  to  take  the 
magnetizing  curve  for  the  respective  material,  and  see  how 
many  ampere-turns  per  unit  length  are  required  when  these 
parts  are  worked  at  flux-densities  of  Bi,  63,  B^  and  85,  re- 
spectively. Let  the  numbers  so  found  be  noted  by  Si,  S2,  S4 
and  S5.     Then 

Ampere-turns  for  yoke  =  Li  x  Si 

„  for  two  field-cores  =  L2  X  S2 

„  for  two  sets  of  teeth  =  L4  x  S^ 

for  armature-core  =  L^  x  Ss 

With  regard  to  the  ampere-turns  for  the  air-gaps,  we 
have  to  resort  to  the  use  of  gap-coefficients.  The  coefficient  is 
10  -7-  4  TT  if  centimetre  units  are  used  ;  or  if  the  flux-density  is 
in  lines  per  square  inch,  and  the  length  of  magnetic  path  is 
reckoned  in  incheis,  the  coefficient  becomes  0'3I33.  These 
coefficients  are  used  as  follows : — 

Ampere-turns  for  gaps  ==  0*8  x  cB'a  X  L'jin  centimetre  units. 

=  0'3I33  X  B3  X  L3  in  inch  units. 


n  it 


The  sum  of  the  ampere-turns  required  for  the  different 
parts  will  then  give  us  the  total  ampere-turns  required  per 
pair  of  poles. 

Some  little  discretion  must  be  used  in  reckoning  out  what 
may  be  termed  the  "  magnetic  dimensions  "  of  the  machine, 
that  is,  the  mean  magnetic  path^  and  the  effective  iron  area 
traversed  by  the  flux.  It  may  not  be  out  of  place  to  take  up 
this  question  a  little  more  fully. 

(a)  Yoke. — ^The  only  point  to  be  remembered  here  is  that 
in  multipolar  machines  the  yokes  will  only  carry  half  the 
total  flux,  as  it  will  divide  each  way.  The  magnetic  length 
is  the  mean  length  of  path. 

[b)  Magnet-Cores. — The  magnetic  section  is  simply  the 
section  of  one  core.  The  magnetic  length  L2  is  that  of  two 
I)ole-cores. 

(r)  Air-gap. — The  length  is  twice  the  distance  from  iron 
to  iron.     With  regard  to  the  magnetic  section  to  be  taken,  it 
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is  always  more  or  less  a  matter  of  judgment  and  experience, 
on  account  of  the  spreading  of  the  flux  from  the  pole-piece, 
or  fringing  as  it  is  frequently  called.  For  machines  having 
smooth  core  armatures,  and  where  the  length  of  pole-piece 
is  equal  to  the  gross  length  of  the  armature  core,  the  magnetic 
area  of  the  air-^ap  may  be  taken  as  the  area  of  one  pole-piece 
plus  a  small  area  equal  to  the  length  of  one  air-gap  multiplied 
by  the  periphery  of  one  pole-piece.  For  machines  with  slotted 
armatures,  the  air-gap  area  may  be  taken  as  the  mean  of  the 
pole-face  area  and  of  the  iron  area  at  the  face  of  the  teeth 
under  one  pole.  But  the  number  of  teeth  so  reckoned  should 
be  increased  by  one  or  two  over  the  actual  number  under  one 
pole,  to  allow  for  the  fringing ;  such  allowance  depending 
upon  the  length  of  the  gap,  shape  of  the  teeth  at  the  armature 
periphery,  and  flux-density  at  which  they  are  worked.  On 
account  of  distortion  of  the  field,  the  magnetic  area  of  the  air- 
gap  may  be  different  at  full-load  from  what  it  is  at  no-load, 
but  the  two  rules  above  will  generally  be  found  good  enough. 

{d)  Armature  Core, — Here  again  if  the  machine  is  multi- 
polar, the  core  will  only  have  to  carry  half  the  useful  flux.  The 
magnetic  length  is  the  length  of  the  mean  path  lying  between 
the  roots  of  the  teeth  and  the  periphery  of  the  internal  hole. 
The  magnetic  section  is  less  than  the  gross  section  by  lO  to 
25  per  cent.,  on  account  of  the  insulation  of  the  core-disks  and 
the  presence  of  ventilating  ducts.  If  these  latter  are  absent,  as 
is  usually  the  case  with  small  armatures,  allow  10  per  cent  as 
space-loss  if  the  disks  are  varnished,  and  1 5  per  cent,  if  paper 
insulation  is  employed.  If  air-ducts  are  present,  their  width 
must  be  subtracted  from  the  gross  length  when  computing  the 
area«  For  paper-insulated  armatures  with  the  usual  allow- 
ance of  ventilating  ducts,  the  net  length  of  core  (parallel  to 
shaft)  is  generally  from  65  to  75  per  cent,  of  the  gross  length. 

{e)  Teeth. — The  total  length  of  tooth  traversed  by  the  flux 
is  equal  to  the  depth  of  a  slot  multiplied  by  2.  The  width  of 
one  tooth  to  be  taken  as  the  mean  width.  The  number  lying 
under  one  pole  may  be  taken  as  the  number  of  teeth  in  the 
polar  angle  plus  one  or  two,  depending  on  the  length  of  the 
air-gap,  in  order  to  allow  for  spreading.     The  magnetic  area 


Magnetic  Calculations.  145 

of  one  tooth  will  therefore  be  the  mean  width  of  tooth  multi- 
plied by  the  net  length  of  armature  (that  is,  gross  length 
minus  total  width  of  air-ducts  minus  10  to  15  per  cent,  space 
lost  through  insulation).  But  there  is  yet  an  important  point. 
If  the  teeth  are  worked  at  densities  of  100,000  lines,  or  more, 
per  square  inch,  part  of  the  useful  flux  will  pass  into  the  core 
by  way  of  the  slots,  because  these  offer  a  path  in  parallel  whose 
magnetic  conductivity  is  comparable  with  that  of  the  teeth 
themselves. 

It  follows,  therefore,  that  the  ampere-turns  for  the  teeth 
calculated  out  on  the  basis  that  they  carry  the  whole  of  the 
flux,  will  be  in  excess  of  the  right  amount  at  high  values  of 
tooth  flux-density.  We  will  now  proceed  to  show  how  the 
true  value  of  tooth  flux-density  B^  may  be  estimated  if  we 
know  the  apparent  flux-density  in  the  teeth  which  we  will 
call  B«.     Further,  we  will  denote  by 

bx    mean  width  of  tooth  ; 

bi    width  of  slot ; 

/     net  length  of  armature,  that  is,  the  iron  length  parallel 

to  shaft ; 
//     height  or  depth  of  slot ; 

f    ratio  of  net  length  to  gross  length  of  armature  core  ; 
N^  flux  from  one  pole,  as  before ; 
N4  flux  actually  carried  by  teeth. 

Then  we  have 

Iron  section  of  one  tooth  =  ij  x  /. 

Air        „       „     „     slot     =    ^  ^    . 

The  actual  section  of  air-space  per  slot  forming  an  alter- 
native path  in  parallel  for  the  flux  is  given  by  the  area  of  one 
slot//«J  the  area  of  the  space  lost  along  one  tooth  by  insula- 
tion and  ventilating  ducts,  or 

Section  of  air-space  1       h  ^^  I  x   r^       r\  ^i  ^  I 
per  slot  r      /     +^'-^     / 

I.  L 
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■.  Now  the  flux  N«  coming  out  of  the  pole-piece  will  divide 
itself  between  tooth  and  air-space  in  inverse  proportion  to  the 
reluctance  of  these  two.     The  flux  in  the  air-space  is  (N^  -  N4). 
Hence  we  have 

N.cc  ^       ^. 

where  fi  is  the  permeability  of  the  tooth  when  transmitting 
the  victual  flux  N4. 

Also  (N.-N,)  oc^^*' +  *="*' ^ 

and  by  division 

(K  -  N4)       d,  +  6,  -  I?,/ 
N^C^i  +  62-  61/ +  61/ fi)  =  K/6ifi- 

N4  _  /.^L^  =  ^* 

Na       ^  +  ^3  -  iif  +  b^fyL       B«* 

As  stated  above,  a  common  ratio  of  iron  length  to  gross 
length  for  slotted  armatures  with  air-ducts  and  paper  insu- 
lation IS  0*75.     Putting  in  this  value  of/  in  the  above  equation 

we  have 

B4  _  0-75  X  b^ii 

Ba      ^3  +  0-25  ^  +  0'7S  bifjL 
B4  _  di  fi 

Ba  1-34^2  +  0-33*1  +  iifl' 


or 


To  put  this  into  practical  shape,  take  the  ratio  of  di  to  6^, 
assume  values  for  B4,  find  the  corresponding  permeabilities 
from  such  a  curve  as  that  of  Fig.  51,  and  calculate  B^.  Then 
a  curve  connecting  B^  and  B4  for  this  particular  ratio  of  6^ 
to  62  can  be  plotted,  showing  what  the  true  fttix-deiisity  in  the 
teeth  is  when  the  apparent  ftux-density  (that  is,  total  flux  per 
pole  divided  by  iron  area  of  teeth  under  one  pole,  or  N^  -=-  A4 
=  B^)  has  any  particular  value.  This  has  been  done  in  the 
three  curves  shown  in  Fig.  79  for  three  usual  ratios  of  bx  to  *o 
using  the  above  equation.  If/  has  a  value  different  from  o*75» 
the  equation  should  be  correspondingly  altered  and  new 
cur\'es  plotted  when  great  accuracy  is  desired. 
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Example  of  Calculation. 

In  order  that  the  foregoing  rules  may  be  clearly  under- 
stood, and  to  exemplify  the  use  of  the  curves,  etc.,  we  will  take 
a  concrete  case  for  purpose  of  illustration.  In  Fig.  80  is 
given  a  dimensioned  sketch  of  part  of  a  modern  six -pole 
200  kilowatt  machine.  We  will  proceed  to  calculate  how 
many  ampere-turns  per  pair  of  poles  are  required  in  order  to 
produce  a  flux  of  12,500,000  lines  through  the  air-gap. 

A  reference  to  the  table  of  dispersion  coefficients  on  page 
137  giyes  us  an  approximate  figure, 

V  =  I' 18, 
and  hence, 

N^  =  N^  X  I  •  18  =  14,750,000. 

The  next  thing  to  do  is  to  make  an  estimate  of  the 
magnetic  lengths  and  areas.     We  have 

Yoke. —  Area=  17*5  X  5 

Ai  =  87  •  5  square  inches. 

For  the  length  of  mean  path,  we  can  either  scale  it  off  from 
the  drawing,  which  is,  as  a.  rule,  more  convenient,  or  estimate 
it  from 

Li  =  5  +  [  (59'9  +  33'5  +  5)  x  3' 14  \ 

=  56*5  inches. 

As  no  allowance  has  here  been  made  for  the  rounding  off 
of  corners  along  the  mean  path  taken  by  the  flux,  we  may 
say 

Li  =  55. 
Magnet  Cores. — ^As  these  are  circular,  we  have 

Aa  =  14*25  X   14*25  X  0-785 

=  159*5  square  inches. 
The  magnetic  length  of  the  two  cores  and  pole-pieces  is 

L2  =  2  X  16-75  =  33'5- 


Magftelic  Calculations. 


150  Dynamo- Electric  Machinery. 

Atr-gaps. — 

L3  =  59*9 -59-25 
=  0*65  inch. 

For  the  area,  we  take,  as  stated  above,  the  mean  between 
pole-piece  area  and  the  area  of  the  teeth  under  one  pole  at 
their  tops.  As  the  air-space  in  this  machine  is  short,  we  take 
for  the  number  of  teeth  acted  on  by  one  pole  the  actual 
number  lying  in  the  polar  angle,  pltis  one.  Had  the  air-space 
been  longer  we  should  have  added  two} 

From  the  sketch  we  see  that  the  polar  angle  is  44 'S^  As 
there  are  altogether  220  teeth,  the  number  in  the  actual  polar 
angle  is 

220  X  41_3  =  27. 
360  . 

Adding  one  to  this,  we  have  28  as  the  number  transmitting 
the  flux.     Now  the  iron  area  of  a  single  tooth  at  the  top  is 

I  14-25  -  (3  X  0-375)  I  X  0-9  X  0-429 

=  5  "06  square  inches  ; 

where  0-9  is  the  ratio  of  the  net  iron  length  to  the  gross 
length  of  the  iron  core  from  front  to  back  and  O-429  is  the 
width  of  the  tooth  at  the  top. 

The  iron  area  at  the  top  of  the  teeth  under  one  pole  is 
hence 

28  X  5*06  =  142  square  inches. 

And  the  area  of  the  pole-face  is 

13  X  (^59-9  X  3-1416  X  ^^ 
=  302  square  inches. 

'  This  allowance  for  the  fringing  of  the  magnetic  field,  which  increases  the 
useful  flux  entering  the  armature  from  one  pole,  is  a  matter  of  judgment  and 
experience.  Fischer-Hinnen  has  given  elaborate  rules.  For  smooth-cored  arma- 
tures it  is  usual  to  estimate  the  width  of  the  fringe  as  equal  to  the  gap  from  iron 
to  iron.  See  a  paper  also  by  Sander  in  the  Zaischrift  fiir  Eiektrotecknik^  xviii. 
562.  Nov.  1900. 
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Hence,  we  have  for  the  magnetic  area  of  the  air-space, 

A3  =    ^         ^       =  222  square  inches. 

Teeth. — For  the  magnetic  length  we  have 

L4  =  2  X  1*625  =  3*25  inches  ; 

where  i  '625  is  the  length  of  the  tooth.  The  mean  iron  area 
of  the  28  teeth  acted  upon  by  one  pole,  if  the  mean  width  of  a 
tooth  is  0*406,  is 

{14-25  -  (3  X  0-375)}  X  0*9  X  0-406  X  28, 
A4  =  1 34 '5  square  inches. 

Armature  Core. — The  mean  length  of  the  path  taken  by 
the  flux  is  best  obtained  from  the  drawing;  otherwise  we  have 

8.75+1(56+^38-5)^3.,,^   r  I' 

=  33*55  inches. 

Or  say  L5  =  33  inches. 
The  magnetic  area  is 

{14-25  -  (3  X  0-375) }  X  0-9  X  8-75, 
A5  =r  103-5  square  inches. 

Having  now  found  the  magnetic  dimensions,  we  can  con- 
struct the  table  given  on  next  page.  The  flux-densities  have 
been  obtained  by  dividing  the  flux  in  each  part  by  the  corre- 
sponding magnetic  area  ;  as  the  density  in  the  teeth  is  in  this 
case  below  100,000,  we  may  assume  that  no  correction  is  neces- 
sary— that  is,  we  may  consider  B^  =  B4,  the  entire  flux  being 
carried  by  the  teeth.  The  rest  of  the  working  is  sufficiently 
obvious,  the  final  result  being  that  to  force  the  1 2 '  5  megalines 
through  the  iron  and  across  the  gaps,  something  over  14,000 
ampere-turns  per  pair  of  poles  are  required.  The  actual 
number  would  be  taken  in  practice  as  15,000  at  least,  in  order 
to  allow  for  differences  in  the  iron,  etc. 
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By  similar  calculations  we  can  find  the  ampere-turns 
required  to  force  other  values  of  N^  across  the  air-gap  and 
through  the  iron  parts  of  the  machine.  By  plotting  the 
values  of  excitation  so  obtained  against  the  corresponding 
values  of  N^,  we  obtain  what  is  known  as  the  saturation 
curve  of  the  magnetic  circuit  in  question  ;  the  ordinates  of  the 
curve  representing  also  the  corresponding  values  of  the  induced 
electromotive-force  to  a  different  scale.  Examples  of  such  cal- 
culated curves  will  be  found  in  Chapter  XIX.  on  Examples  of 
Dynamo  Design. 

Ha  =  12,500,000 ;  Wm  =  i4,7SO»ooo;  v  =  i  •  18. 


Part  of  Machine. 


Yoke 


2  Magnet-cores 


2  Air-gaps 


2  Teeth 


Armature-core 


Material. 


Magnetic    Magnetic  *        Flux- 


Length.      Section. 


Den&ity. 


Cast  steel 


55 


87 • 5         84100 


Value  of 
t  from 


Ampere- 
turns 


Curves.      Required. 


24' 2 


( - 


Ditto      I    33*5        159-5         92500         32-5 


1330 


1090 


Air 


0-65 


222 


56300 


XO-3I33   11500 


Sheet  iron      3*25 


134*5         93000 


19 


Ditto  33  103*5         60400 


62 


132 


Total  ampere-turns  per  pair  of  poles  =  14x14. 


We  have  here  calculated  the  ampere-turns  needed  for  a 
pair  of  poles ;  but  as  the  two  halves  of  the  magnetic  circuit  so 
considered  are  alike,  one  may,  if  preferred,  calculate  simply 
the  ampere-turns  per  poky  taking  only  one-half  of  a  magnetic 
circuit,  including,  of  course,  one  gap,  one  pole-core,  etc.,  and 

*  This  namber  0*3133  is  the  gap-coefficient  and  represents  the  number  of 
ampere-turns  per  inch  length  of  path  requisite  for  a  flux-density  of  i  line  per  square 
inch.  Multiplying  the  flux-density  of  the  preceding  column  by  this  coefficient  gives 
the  number  of  ampere-turns  needed  for  that  density,  per  inch  of  path  in  air ;  and 
multiplying  this  number  by  the  magnetic  length  of  the  2  air-gaps,  in  column  3, 
gives  finally  the  number  of  ampere- turns  needed  for  the  2  gaps  : 

56300  X  0*3133  X  065  =  11500. 
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taking  yoke  and  armature  core  at  half  the  lengths  estimated 
as  above.  A  convenient  form  of  schedule  for  such  calculations 
will  be  found  in  the  Appendix  to  Chapter  XVI 1 1.,  p.  580. 

In  a  careful  study,  in  part  theoretical,  but  confirmed  by 
experiments,  Goldsborough  ^  has  shown  that  in  the  armature 
of  a  multipolar  dynamo  the  paths  of  the  magnetic  lines 
through  the  armature  core  are  not  symmetrical,  and  that  they 
are  not  distributed  with  equal  density  through  the  cross- 
section  of  the  core  (Fig.  81),  being  denser  in  the  region 
immediately  below  the  roots  of  the  teeth,  and  less  dense 
near  the  internal  circumference  of  the  core.  At  full-load  these 
inequalities  are  more  marked.    As  a  consequence  any  calcu- 


Fig.  81.— Core-Distribution  of  Flux. 

ations  as  to  hysteretic  losses  in  the  core  made  on  the  assump- 
tion of  uniform  distribution  will  understate  the  actual  waste  of 
energy. 

Similarly,  Herr  Dettmar  has  shown  in  the  Elektrotechnische 
Zeitschrift  for  1900,  vol.  xxi.  944,  that  the  density  of  the 
flux  in  the  core-body  diminishes,  not  quite  in  arithmetical 
proportion,  from  a  maximum  below  the  roots  of  the  teeth  to  a 
minimum  at  the  internal  periphery. 

If  the  pole-pieces  are  not  laminated,  the  width  of  the  gap 
should  not  be  much  less  than  about  i  J  times  the  width  of  the 

*  Air-gap  and  Core  Distribution  Studies,  Tratts.  Amer.  Imt,  El.  Engifteersy 
June  1899,  p.  461. 
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slot,  otherwise  the  unequal  distribution  of  the  flux  at  the  pole- 
face  will  set  up  harmful  eddy-currents. 

Professors  H.  Hele-Shaw  and  A.  Hay  have  published  in 
the  Philosophical  Transactions,  CT^c-'i.  303,  1900,  a  very  remark- 
able paper  on  lines  of  induction  in  a  magnetic  Beld,  the  dis- 
tribution of  which  they  have  studied  by  the  aid  of  a  beauti- 
ful hydraulic  model  in  which  the  stream-lines  in  glycerine 
imitate  the  forms  of  the  magnetic  lines  under  varying  con- 
ditions.    Amongst  these  they  show  the  distribution  in  the  case 
of  a  toothed  armature  with  a  gap  approximately  equal  to  the 
breadth  of  a  tooth  and  with  slot  slightly  wider.     In  the  gap 
the  density  of  the  lines  shows  alternate  maxima  and  minima, 
the  lines  being  very  slightly  curved 
at  the  level  of  the  teeth ;  but  below 
this  level  those  that  enter  the  slot 
swerve  sharply  round  (Fig.  82)  to 
enter  the  flanks  of  the  teeth. 

Except  in  the  case  of  very 
highly  saturated  teeth,  there  is  no 
field  in  the  slot  at  any  greater 
depth  than  about  equal  to  the  slot 
width.  The  ratio  of  the  density  of 
the  field  In  the  slot  to  the  density 
Fig.  8a.  of  fi^'d  in  the  tooth  is  roughly  the 

same  as  the  ratio  of  the  gap-length 
(from  iron  to  iron)  to  the  sum  of  gap-length  and  tooth-length. 
Herr  Dick  has  shown,  in  the  Elect roteckniscke  Zeitschrift 
for  July  I901,  that  if  account  is  taken  of  the  flux-densities 
along  the  tooth,  the  ampere-turns  actually  needed  will  be  con- 
siderably less  than  the  number  (only  about  §)  calculated  from 
the  mean  between  the  maximum  value  at  the  roots  and  the 
minimum  value  at  the  tops  of  the  teeth.  In  the  same  journal 
for  November  1901.  Dr.  Corsepius  has  shown  how  the  design  of 
armatures  is  dependent  on  the  ratio  betiveen  the  width  of  the 
tooth  and  the  width  of  the  slot. 


155 


CHAPTER  VII. 

COPPER   CALCULATIONS:    COIL  WINDINGS. 

Weight  of  Copper-  Wire.  —  Pure  copper  has  a  specific 
gravity  of  8*9  at  the  ordinary  atmospheric  temperature  of 
15^  C.     Hence — 

I  cubic  centimetre  weighs  8*9  grammes ; 
I  cubic  foot  „        555  pounds; 

I  cubic  inch  „         0*3213  pounds. 

A  rod  of  copper  i  inch  in  diameter,  and  i  foot  in  length 
weighs  3*028  lb.  Hence  the  weight  of  a  copper  wire  can  be 
found  by  multiplying  together  its  length  in  feet,  its  sectional 
area  in  square  inches,  and  the  coefficient  3*028.  A  wire 
I  mil  in  diameter  and  i  foot  long  weighs  0*000003028  lb. 
Hence  if  d  be  the  diameter  in  tnils^  and  /  the  length  in  fecty 
the  weight  of  the  wire  will  be — 

weight  in  lb.  =  ^  X  /  X  0*000003028; 

d} 
or  a  wire  d  mils  in  diameter  weighs  -  lb.  per  foot 

330250 

Example, — 30  feet  of  a  No.  i  S.W.G.  copper  wire,  which  is  300 
mils  in  diameter,  weighs  8*17  lb. 

In  the  case  of  copper  strip  of  rectangular  section,  if  the 
width  and  depth  of  the  strip  are  given  in  mils,  and  the  length 
in  feet,  the  weight  in  pounds  can  be  found  from  the  rule  that 
weight  in  lb.  =  sectional  area  in  sq.  mils  X  /  X  0*000003855. 

Electric  Resistance  of  Copper, — Pure  copper  has  a  specific 
resistance  that  increases  slightly  with  temperature. 


n 
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The   resistance  of  a  centimetre '  cube  of  pure  copper,  in 
ohms,  has  the  following  values : — 


Annealed 


At  0°  C. 
0*00000159039 


Atis^C.      i      At30°C. 


At  60®  C. 


0*00000169259  1 0*00000179559    0*00000200401 


Hard-drawn  1 0*00000162246  0*00000172676  0*00000183180,0*00000204442 


Annealed 
Hard-drawn 


At  32°  F. 
0*00000159039 

0*00000162246 


At  60°  F. 
0*00000169639 

0*00000173054 


At  115°  F. 
0*00000190711 

0*00000194557 


The  rise  of  resistance  of  copper  with  temperature  is 
approximately  -j^  of  one  per  cent  per  Centigrade  degree,  or 
%  of  one  per  cent,  per  Fahrenheit  degree. 

If  the  resistance  Raqo,  at  freezing-point,  of  any  copper  con- 
ductor be  known,  its  resistance  R^ot,  at  any  temperature  6  on 
the  Centigrade  scale,  can  be  accurately  calculated  by  the 
formula  of  Clarke,  Forde  and  Taylor  : 

R^.  =r  Rg«c,  {i  +  0*00426744^  +  0'OOOOOiii93  0^\\ 

or  on  the  Fahrenheit  scale, 

Rtf-F.  =  Rs3»r.  { I  +  o '  oo237o8(^  -  32) + o  •  oooooo34S48(^  -  32)*} . 

The  following  are  some  useful  rules  for  calculating  the 
resistances  of  copper  as  used  in  the  construction  of  electric 
machines.  In  all  cases  it  is  assumed  that  the  material  is 
pure  annealed  copper,  commonly  called  "  high  conductivity  ** 
copper.  If  the  copper  is  "  hard  drawn  "  instead  of  "  annealed  " 
the  resistance  may  be  some  2  per  cent,  greater  for  an  equal 
cross-section  and  equal  length.   Resistances  are  given  in  ohms. 

British  t/>///j.-^Resistance  of  I  inch  cube  is 

0*00000062615  at      <f  C.  or  32°  F 

0-00000066639  at     15°  C. 

o '  00000066788  at    60''  F. 

o  •  00000070694  at     30°  C . 

0-00000075085  at  II5°F. 

o '  00000078899  at    60°  C. 
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A  rod  of  copper,  i  foot  long  and  i  square  inch  in  cross- 
section,  has  the  following  resistance  : — 

0-0000075138  at  o°C. 

0*0000079966  at  I5°C. 

o  •  00000848  33  at  30"^  C 

o  •  0000094679  at  60°  C. 

A  rod  of  round  copper,  i  foot  long  and  i  inch  in  diameter 
(having  therefore  a  sectional  area  of  i  circular  inch),  has  the 
followinsr  resistance : — 


0-0000095664 

at 

o°C 

0"OOOOIOl8l2 

at 

I5°C. 

0*0000108007 

at 

30°  c. 

0*0000120545 

at 

60^  C. 

A  wire  of  copper,  i  foot  long  and  having  a  sectional  area 
of  I  square  mil,  has  the  following  resistance  : — 

7*5138  ohms  at  o°C. 

7-9966    „  at  I5°C. 

8-4833     „  at  30°  C. 

9-4679    „  at  6o''C. 

A  round  wire  of  copper,  i  foot  long,  having  a  diameter  of 
I  mil  (and  therefore  having  a  sectional  area  of  i  circular  mil), 
has  the  following  resistance  : — 


9*5664  ohms  at 

o°C. 

lO'l8l2     „       at 

15°  C. 

10-8007     »       at 

30°  C. 

12-0545     „      at 

60°  C. 

The  resistance  of  a  copper  strips  the  length  of  which  is 
given  in  feet  and  the  sectional  area  in  square  mils,  may 
therefore  be  calculated  by  the  rule  : — 

At    0°  C  ohms  per  foot  =  7'5i38  \  ,.  . ,    ,  , 
^  ^  1r^\  divided  by 

At  15^  C.  „  =  7-9966  .    ^ 

o  ^  o     o       S    area  m 

At  30°  C.  „  =  8-4833  > 


At  60°  C.  „  =  9-4679 


sq.  mils. 
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The  resistance  of  a  round  copper  wire,  the  length  of  which 
is  given  in  feet  and  the  diameter  in  mils  (which  diameter,  if 
squared,  gives  the  sectional  area  in  circular  mils)  may 
therefore  be  calculated  by  the  rule  : — 

At    0°  C.  ohms  per  foot  =    0'5664^   ,.  . ,    ,  . 
A.      or-  ^  -^  o  ^    divided  by 

Ati5°C.  „  =  io-i8i2\    ,.  -^ 

At  30°  C.  „  =  10 -8007  f  , 

At6o°C.  „  =12-0545)    ''^""■''^- 

Metric  Units. — ^A  rod  of  copper,  i  metre  long  and  of 
I  square  millimetre  cross  section,  has  the  following  resist- 
ance : — 


0 '0159039  ohm 

at 

o°C. 

0-0169259       „ 

at 

15°  C 

0-OI79SS9      „ 

at 

30"  c. 

0*0200401       „ 

at 

60°  c. 

A  round  wire  of  copper,  i  metre  long  and  i  millimetre  in 
diameter,  has  the  following  resistance : — 


0-0202487  ohm 

at 

o°C. 

00215499      „ 

at 

15°  C. 

0-0228614      „ 

at 

30°  C. 

0-0255148      „ 

at 

60°  C. 

The  resistance  of  a  copper  strip,  the  length  of  which  is  given 
in  metres  and  the  sectional  area  in  square  millimetres,  may 
therefore  be  calculated  by  the  rule  : — 

At    0°  C.  ohms  per  metre  =  0*0159039^ 

At  15°  C.  „  =  0-0169259! 

A-.      o  i-  ^     sq.  milli- 

At30°C.  „  =  0-0179559  (       ^   ^ 


divided  by 


■/ 


A  ^  ^  o  i-  I        metres. 

At  60  C.  „  =  0-0200401; 

The  resistance  of  a  round  wire  the  length  of  which  is  given 
in  metres  and  the  diameter  in  millimetres,  may  be  calculated 
by  the  rule: — 

At    0°  C.  ohms  per  metre  =  0*0202487]  j-  -j  j  ^ 

Ati5''C.  ..  =0-0215499      d^lmetef 

At  30°  C.  „  =  0*0228614  , 

At6o°C.  ..  =0-0255.48^    '^""'''- 
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Example  L — To  find  the  resistance  at  60°  C.  (warm)  of  a  copper 
strip  9  •  5  feet  long,  the  rectangular  section  of  which  measured  bare 
is  118  mils  by  785  mils.  The  product  of  118  and  785  gives  as  the 
sectional  area  92630  sq.  mils.  Hence  by  the  rule  given  above  the 
resistance  of  one  foot  length  is  9*4679  -7-  92630  =  0*00010222  ohm. 
Therefore  the  resistance  of  9  •  5  feet  at  this  temperature  is  o  *  00097 1 
ohm. 

Example  IL — To  find  the  resistance  at  60°  C.  (warm)  of  a  shunt 
coil  of  3050  turns  of  a  round  copper  wire,  No.  16  S.W.G.,  the  mean 
length  of  one  turn  being  5*21  feet.  No.  16  S.W.G.  has  a  diameter 
of  64  mils,  therefore  a  sectional  area  of  64  x  64  ( =  4096)  circular 
mils.  Hence  by  the  rule  the  ohms  per  foot  will  be  12  *  0545  divided 
by  4096  =  0*002943  ohm.  So  the  total  length  being  15890  feet,  the 
total  resistance  will  be  46*77  ohms. 

The  following  rules  are  useful  for  copper  wires  at  30°  C. : 

Section  in  sq.  mils  =  icS  x  length   in   feet  -r 

resistance  in  ohms. 

Length  in  feet  =  section  in  sq.  mils  X  resist- 

ance in  ohms  -r-  10 '8. 

8483  -T-  section  in  sq.  mils  =  resistance  per  1000  feet  of 

length. 

Electrical  Measurement  of  Temperature. — If  the  rise  of 
temperature  of  an  armature  or  of  a  field-magnet  coil  is 
measured  at  the  surface  by  the  common  process  of  laying 
upon  it  the  bulb  of  a  thermometer  covered  with  a  pad  of 
cotton  wool,  the  temperature  so  measured  will  not  be  the  true 
temperature  of  the  interior,  but  considerably  below  the  true 
average  temperature  of  the  armature  or  coil.  If  the  resistance 
of  the  coil  is  measured,  then  the  true  internal  temperature  can 
be  ascertained,  provided  the  resistance  of  the  coil  at  o®  C,  or 
at  15°  C.  is  known.  For  practical  purposes  a  near  enough 
approximation  can  be  found  by  the  formula : — 

R'  —  R 
Rise  in  degrees  Centigrade  =  237  -  --  —  ; 

R 

where  R  is  the  resistance  as  measured  when  cold,  and  R'  the 
resistance  as  measured  when  hot. 
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Stranded  Copper  Conductors, — Stranded  copper  wires  are 
now  seldom  used  in  dynamo  construction ;  but  compressed 
stranded  conductors  are  still  occasionally  found  in  smooth- 
cored  armatures.  An  example  is  furnished  by  the  toothed- 
cored  armatures  of  the  motors  of  the  Central  London  Railway 
in  which  are  employed  conductors  made  of  49  strands  of 
No.  19  B.  and  S.  gauge,  having  an  apparent  cross  section  of 
o*o6o  sq.  inch.  Now  I  such  wire  has  a  section  of  o*  00 1 01 
sq,  inch,  and  49  would  therefore  have  0*0495  sq.  inches  in  total. 
But  allowance  must  be  made  for  the  increased  length  due  to 
twisting  of  the  strands,  and  experiment  shows  the  conductor 
to  have  such  a  resistance  that  its  equivalent  section  would  be 
only  0*046. 

Space-Factor. 

In  all  cases  where  insulated  windings,  whether  of  wire  or 
strip,  are  used,  it  is  obvious  that  the  copper  section  in  any 
slot  or  tunnel  through  the  core  disks  does  not  occupy  the 
whole  of  the  space,  and  the  fraction  of  the  space  occupied 
obviously  depends  upon  the  thickness  of  insulation,  and  upon 
the  shapes  of  the  slots  and  of  the  conductors.  The  ratio  of 
the  net  cross-sectional  area  of  the  copper  in  a  slot  to  the 
gross  cross-sectional  area  of  the  slot  is  called  the  space-factor, 

Space-Factor  in  Armatures, — The  insulation  within  a  slot 
consists  of  two  parts :  that  which  is  employed  as  a  lining  to 
the  slot  to  protect  the  iron  from  contact  with  the  conductors, 
and  that  which  surrounds  the  individual  conductors  to  protect 
them  from  contact  amongst  themselves.  The  slot-lining 
must  be  relatively  thick,  because  the  iron  core  must  be  insu- 
lated from  the  full  voltage  of  the  machine,  while  the  insulation 
around  the  individual  conductors  may  be  much  thinner,  as 
the  difference  of  potential  between  any  conductor  and  its 
neighbours  will  only  be  a  small  fraction  of  the  full  voltage. 
If  every  conductor  had  a  slot  to  itself  each  slot  must  be  lined 
with  the  thicker  insulation ;  whereas  if  several  conductors 
are  placed  in  one  slot,  one  stout  lining  will  surround  them  all, 
and  a  larger  fraction  of  the  area  of  the  slot  will  be  filled  with 
copper.     The  space-factor  is  therefore  higher  if  the  conductors 
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are  so  grouped.  In  the  lighting  generator  of  Scott  and 
Mountain  (p.  582)  working  at  250  volts,  the  area  of  the  slot  is 
O '  65  square  inch.  The  total  area  of  section  of  the  four  copper 
conductors  in  the  slot  is  0*308,  so  that  the  space-factor  is 
0"473.  Suppose  the  case  of  a  conductor,  the  section  of  which 
was  500  X  150  mils,  having  therefore  a  sectional  area  of  75,000 
square  mils.  Let  this  be  overwound  with  thin  insulating  tape 
to  a  thickness  of  15  mils,  making  the  dimensions,  covered, 
530  and  180  mils  :  its  gross  sectional  area  will  be  95400 
square  mils.  Now  suppose  that  to  insulate  it  properly  from 
the  iron  core  a  paper  and  mica  insulation  60  mils  thick  all 
round  is  necessary,  the  slot  area  for  one  such  conductor 
must  be  obviously  increased  to  650  x  300  =  195,000  square 
mils  at  the  very  least  In  practice  it  will  be  more,  as  there  is 
usually  a  little  extra  space  allowed  for  packing,  and  for  a 
wedge  under  the  binding  wires.  The  space-factor  cannot 
possibly  exceed  0*395.  But  if  four  such  conductors  are  put 
together,  and  the  thicker  insulation  simply  surrounds  the 
group,  the  area  of  slot  will  have  to  be  at  least  11 80  X  480  = 
566,400  square  mils,  and  the  maximum  space-factor  \ull  be 
raised  to  0*529. 

The  space-factors  in  the  armatures  of  some  500-volt  machines 
are  as  follows: — Oerlikon  Co.*s  machines  o*6,  0*727,  and  o*8; 
Parshairs  lo-pole  o'6;  Kolben's  6-pole  and  lo-pole  0*417  and 
0-516;  Ganz's  6-pole  0*412;  Hobart's  large  generators  0*46, 
o*49,  and  0*51 ;  Soci^te  Electricity  et  Hydraulique  0*404  to  0*510. 

In  a  series  of  550-volt  generators  designed  by  the  late  Prof. 
S.  H.  Short,  ranging  from  200  to  iioo  kilowatts,  the  space-factor 
ranged  from  0*423  to  0*533,  with  a  mean  value  of  0*45. 

Of  machines  at  other  voltages  : — 

Brown,  Boveri  and  Go's.  350-volt,  0*32;  looo-volt  (p.  753), 
0*214;  120  volt,  0*505. 

Thury's  metallurgical  machines  (p.  717),  0*53  and  0*57. 
Kolben's  4-pole  at  260  volts,  0*506  ;  i8-pole  at  115  volts,  0*53. 

Mr.  Rothert  states  that  in  a  series  of  240-volt  machines  of 
all  sizes,  the  space-factor  of  the  magnet  coils  varied  from  0*5 
to  0*7. 

I.  M 
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In  the  case  of  high-voltage  machines,  particularly  altei^ 
nators,  the  space-factor  is  greatly  reduced.  The  following 
example,  due  to  Herr  Kando,  illustrates  modem  practice. 

In  Fig.  83  are  shown  three  separate  cases  where  slots  of 
the  same  size  are  filled.  In  a,  for  a  500  volt  machine  there 
are  4  conductors  each  of  lOj'S  square  mm.  section;  or  in 
total  414  square  mm.  of  copper.  Each  is  separately  sur- 
rounded with  its  own  covering  i  mm.  thick.  The  area  of  the 
slot  is  668  square  mm.  So  the  space-factor  is  0-63.  In  b, 
for  3000  volts  there  are  24  round  wires,  each  3  mm.  in 
diameter,  each  also  covered  to  a  thickness  of  i  mm.  The 
slot  lining  must  be  about  4  mm.  thick.     The  total  section  of 


Fig.  83. — Sixjt-Space  at  Different  Voltages, 

copper  is  170  square  mm.,  and  the  space-factor  has  fallen  to 
0'25.  In  c,  for  10,000  volts  there  are  80  wires,  each  08  mm. 
diameter,  with  individual  coverings  0'8  mm.  thick.  The  slot- 
lining  must  be  increased  in  thickness  to  about  6  mm.  The 
total  section  of  copper  has  fallen  to  40  square  mm. ;  and 
the  space-factor  to  0'06. 

Space-Factor  in  Field-Magnets. — In  winding  bobbins  for 
field-magnets  the  space-factor  is  determined  largely  by  the 
question  whether  round  wires,  or  wires  of  square  or  rectangular 
section  are  used.  In  cases  where  rectangular  wires  are  em- 
ployed there  is  less  waste  space :  and  moreover  there  is  a  great 
gain  in  avoiding  such  waste  space  as  that  which  fills  the  inter- 
stices between  the  wires,  whether  air  or  insulating  material. 
Insulation  is  always  a  bad  conductor  of  heat,  and  prevents 
the  internally  generated  heat  from  escaping  as  quickly  as  it 
should.     Of  all  non -conductors  of  heat,  entangled  air  is  the 
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most  perfect,  witness  the  non-conducting  properties  of  felt, 
eider-down,  etc.  Therefore  square  or  rectangular  wire  should 
always  be  used  if  possible. 

If  round  wires  are  used,  the  space-factor  will  be  determined 
chiefly  by  the  relative  thickness  of  the  wires  and  of  their  in- 
sulating covering;  but  it  will  also  be  affected  by  the  question 
of  the  partial  bedding  of  the  wires  of  one  layer  between  those 
of  the  layer  beneath.  Suppose  the  wires  to  lie  in  precisely 
square  order,  without  bedding,  as  in  Fig.  84;   then  if  the 


diameter  of  the  bare  wire  is  d,  and  that  of  the  wire  covered  is 
dx,  then  since  the  area  of  each  small  circle  is  O"  7854  (/*,  and  as 
the  area  of  the  small  square  enclosing  the  outer  circle  is  d^, 
the  ideal  space-factor  would  be 

,  =  0-7854^1. 

Or,  with  an  infinitely  thin  insulation  it  could  never  exceed 
0-7854. 

Suppose  however  an  extreme  case  of  bedding,  as  in  Fig. 
85,  so  that  the  wires  lay  in  hexagonal  order  like  the  cells  of 
a  honeycomb,  the  space-factor  then  would  be 

^      d'* 
a  =  OQC6  X  -i^; 
"I 

or  with  infinitely  thin  insulation  would  be  0-906. 

If  rectangular  strip  is  used,  uniformly  covered,  there  is  no 
bedding  and  no  idle  space  save  at  the  ends  of  a  layer  where 
the  coil  ascends  to  the  next  layer.  If  the  breadth  and  thick- 
ness of  the  bare  strip  are  called  a  and  b,  and  when  covered 
i7i  and  di,  the  space-factor  is  simply  ab-^ai  b^.     Edge-wound 
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.strip  has  the  highest  space-factor  of  any  winding.  Messrs. 
Ferranti  find  it  to  range  from  0*83  to  0*93. 

Now,  in  practice,  there  is  with  round  wires  very  little 
bedding.  Some  writers  have  assumed  10  per  cent,  others 
15  per  cent  But  this  is  far  beyond  the  facts.  Especially  in 
the  case  of  bobbins  of  small  diameter  the  wire  refuses  to  bed ; 
since,  as  the  successive  layers  are  wound  from  right  to  left, 
and  then  left  to  right,  each  turn  must  at  some  point  ride  over 
a  turn  in  the  layer  below  it  Bedding,  even  in  the  hand  of  an 
experienced  winder,  seldom  exceeds  3  per  cent  The  safest 
course  is  to  assume  that  there  Vill  be  no  bedding  at  all  and  to 
take  the  space-factor,  if  not  known  from  actual  experience,  as 
given  by  the  formula  above. 

For  the  shunt-windings  of  dynamos  of  standard  types  at 
say  500  volts,  the  space-factor  has  values  seldom  below  0*45. 
This  is  the  figure  for  the  Scott  and  Mountain  6-pole  machine, 
Plate  V. ;  the  Kolben  lo-pole  machine,  Plate  XVIII.,  has  0*60. 
Mr.  Mavor  gives  values  from  0*43  to  0*505  for  the  magnets 
of  Mavor  and  Coulson  dynamos. 

Some  actual  figures  are  given  by  Dr.  S.  S.  Wheeler  for  a 
number  of  different  wires  insulated  to  different  thicknesses. 

These  are  exhibited  graphically  in  Fig.  86,  the  full  curves 
representing  the  observed  values,  and  the  dotted  curves  the 
values  by  the  formula  assuming  square  order.  It  is  seen  that 
the  larger  sizes  of  wire  do  actually  bed  a  little,  giving  a 
space-factor  slightly  higher  than  the  calculated  value. 

Calculations  of  Bobbin-  Winding.  —  The  space-factor  is 
closely  connected  with  another  important  quantity,  namely 
the  resistance  per  cubic  inch  of  the  winding.  By  this  expression 
/s  meant  the  total  resistance  of  the  winding  divided  by  the 
number  of  cubic  inches  of  volume  which  it  fills.  Suppose  a 
wire  covered  to  the  thickness  of  100  mils  to  be  wound  on  a 
bobbin.  There  will  be  10  wires  side  by  side  per  inch  length 
.  of  the  bobbin,  and  (if  no  bedding  is  assumed)  there  will  be  10 
layers  per  inch  thickness,  therefore,  100  wires  through  the 
square  inch  of  cross-section.  A  cubic  inch  taken  orthogon- 
ally (neglecting  curvature)  would  therefore  contain  lOO  wires 
each  one  inch  long,  and  if  these  were  joined  in  series  with  one 
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i6; 


another,  the  total  amount  of  resistance  within  that  cubic  inch 
would  clearly  be  lOO  times  the  resistance  per  inch.  If  Si  be 
the  diameter  of  the  insulated  wire,  then  I  /  h^  will  be  the 
number  that  go  to  a  square  inch  of  the  winding  section. 
Hence  if  we  know  the  resistance  per  inch  of  the  copper  wire 
used,  the  resistance  per  cubic  inch  of  the  winding  can  be  found 
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Fig.  86.— Space-Factor  for  Wires  of  Different  Thicknesses, 

by  dividing  it  by  the  square  of  the  diameter  of  the  covered 
wire.  If  the  diameter  of  the  bare  wire  is  given  in  mils,  we 
have : — 

Resistance  per  inch  at  1 5°  C  =  o  •  8484  -=-  diameter  squared. 
„  „  30°  C  =  0*9001  -T-  diameter  squared. 

„  „  60°  C  =  I  '045    -7-  diameter  squared. 

Or,  if  the  diameter  bare,rf,  and  the  diameter  coveredi  dx,  be 
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expressed   in   mils,   the  resistance  of  one  cubic  ifich  of  the 
winding  will  be  given  by  the  formula : — 

_  0-8484  ^tiec 

0*9001  4.^^0i- 

p.  »  .J_*?4S    at  60°  C. 


This  assumes,  of  course,  square  order  in  the  winding,  the 
space-factor  in  this  case  being  —  . 


If  the  number  of  turns  of  wire  in  the  coil  be  S,  and  the 
area  of  the  winding  space  be  L  xT,  the  number  of  wires 
through  a  square  inch  of  the  winding  space  will  be  S  /  LT. 
If  we  multiply  the  resistance  per  inch  cube  of  copper  by  the 
square  of  this  number,  and  divide  by  the  space-factor  we  shall 
obtain  the  resistance  of  one  cubic  inch  of  the  winding  :  or 

pi  =  0*000000666     ^      -  ohm  at  is°C. 
Pi  =  0*000000707  y-^         ohm  at  30°  C. 

C2 

pi  =  0*000000789     ^       ohm  at  60°  C. 

It  will  be  noted  that^i^r  a  given  number  of  turns  of  wire 
in  a  bobbin  of  given  winding  space,  the  resistance  per  cubic 
inch,  as  well  as  the  total  resistance,  will  vary  inversely  as  the 
space-factor. 

Example. — A  bobbin,  of  which  the  net  winding-space  is  10  inches 
long  and  ij  inches  deep,  is  to  be  wound  with  540  turns  of  wire. 
Assuming  a  space-factor  of  o'6,  the  resistance  per  cubic  inch,  at 
60®  C,  will  be  0*000000789  X  540  X  540 -7- (15  X  15  X  o*6)  = 
0*001704  ohm.  And  if  the  mean  length  of  one  turn  is  44  inches, 
the  total  volume  will  be  10  x  ij  X  44  =  660  cubic  inches,  making 
the  total  resistance  i  *  125  ohms. 
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To  find  the  proper  gauge  of  wire  to  fill  a  given  bobbin  to  a 
prescribed  resistance, — Dividing  the  prescribed  resistance  by 
the  volume  of  the  winding  space,  one  obtains  the  number  of 
ohms  per  cubic  inch.  Reference  to  a  table  of  wires  with 
various  thicknesses  of  covering  for  which  the  values  are  known, 
will  enable  the  proper  gauge  to  be  picked  out  For  such 
Wire^Gauge  Tables  see  the  Appendix.  This  case  arises  in 
series  motors,  where  the  permissible  resistance  depends  on 
the  number  of  watts  which  the  coil  can  radiate  (see  p.  183). 
Dividing  the  permissible  watts  by  the  square  of  the  current 
gives  the  resistance. 

Example, — ^A  certain  coil  of  volume  4300  cubic  inches  is  to  carry 
50  amperes,  the  permissible  watts  being  220.  Then  220-7-  2500  = 
o  •  88  ohm.  Hence  the  resistance  per  cubic  inch  of  the  winding  will 
bee*  88 -^4300  =  o*  000202  ohm.  The  Wire  Gauge  Tables  show 
that  the  nearest  sizes  are  No.  3  S.W.G.,  with  o*  000 18,  and  No.  4 
S.W.G.,  with  0*000248.     Therefore  we  must  take  No.  3  gauge. 

To  find  the  proper  gauge  of  wire  to  carry  a  given  current. — 
One  may  also  estimate  the  gauge  of  the  wire  required  by 
knowing  what  is  a  suitable  ampere-density.  In  stationary 
coils  a  density  of  600  to  900  amperes  per  square  inch  is 
customary.  (This  is  roughly  from  i  to  i^  amperes  per  square 
millimetre.)  Otherwise  stated,  one  allows  from  11 00  to  1666 
square  mils  per  ampere,  or  1400  to  2100  circular  mils  per 
ampere. 

Example, — Estimate  the  gauge  of  wire  required  for  6  amperes. 
The  wire,  at  600  amperes  per  square  inch,  will  require  y^  of  a 
square  inch  or  12,566  circular  mils  section.  Reference  to  wire 
gauge  tables  shows  that  the  nearest  size  is  a  No.  11  S.W.G.,  which 
has  a  section  of  0*0105  square  inch,  or  13,200  circular  mils. 

In  small  machines  the  current-density  in  the  shunt-winding 
may  safely  exceed  1000  amperes  per  square  inch,  and  even 
attain  1400.  In  the  Scott  and  Mountain  generators  (p.  663)  it 
varies  from  660  to  1360. 

Given  tlie  ampere^turns^  tlie  volts,  and  the  mean  length  of 
one  turny  to  find  the  gauge  of  the  wire,  the  resistance,  the  number 
of  turns  and  the  volume. 
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This  case  derives  its  importance  from  its  use  in  calculating 
shunt  windings.  Let  the  prescribed  number  of  ampere-turns 
be  called  CS,  neither  C  nor  S  being  separately  known.  Let 
the  volts  applied  to  the  terminals  of  the  bobbin  be  V,  and  let 
M  denote  the  mean  length  of  one  turn.  (In  many  cases  this 
will  be  only  approximately  known  at  first.)  Let  r^  stand  for 
the  resistance  per  inch  length,  as  given  in  the  Wire  Gauge 
Tables.  Now  the  resistance  R  of  the  coil  may  be  expressed 
in  two  different  ways  : 

R=^  =Mr|S         .  .         [I] 

and  further 

MriCS  =  V, 
whence 

V       _  P  -. 

(csTm  -'''  •       •       •      '■^-^ 

which  fixes  the  gauge. 

Professor  Crocker  has  given  the  useful  rule  : — 

Circular  mils  =  (CS)xM  ^  j^.^j       .       ]^2a\ 

Example. — A  shunt  dynamo  with  8  coils  in  series,  working  at 
200  volts,  requires  5200  ampere-tums  of  excitation  per  pole.  The 
pole  cores  are  circular  of  10  inches  diameter :  the  winding  is  ex- 
pected to  lie  about  3  inches  deep;  whence  intemal  diameter  of 
windings  will  be  about  11  inches,  external  about  16,  so  that  the 
mean  length  of  i  tum  will  be  about  42*5  inches.  Then  V  =  25  ; 
CS  =  5200;  M  =  42*5  ;  whence  r^  =  o* 0001 131  ohms  per  inch. 
This  is  equal  to  o*  0013572  ohms  per  foot  or  1*357  ohms  per  1000 
feet.  Referring  to  the  Wire-Gauge  Table  in  the  Appendix  we 
observe  that  the  nearest  larger  size  is  a  No.  12  S.W.G.,  which  (at 
60°  C.)  has  a  resistance  of  i  •  114  ohms  per  1000  feet. 

If  a  square  wire  is  to  be  used,  the  area  in  square  mils  may 
be  found  by  dividing  0*79  by  the  number  of  ohms  per  inch 
calculated  as  above. 

The  gauge  having  been  found,  let  a  suitable  thickness  of 
insulation  be  fixed  upon  and  the  resistance  per  cubic  inch  p^ 
be  ascertained.  It  may  be  noted  that  if  square  order  of  wind- 
ing be  assumed  then  /3i  =  o)  -r-  ^i^ ;  where  dx  is  the  diameter  of 
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the  covered  wire  in  mils :  but  p^  is  best  taken  from  actual 
tables  of  windings  that  have  been  carried  out.  If  p\  is  thus 
known,  p^  X  volume  =  R.  If  the  volume  of  the  coil  is  given 
this  settles  the  resistance,^  and  if  R  is  thus  ascertained  dividing 
it  by  Mri  gives  the  number  of  turns  S.  Or  dividing  R  by  rx 
gives  the  total  length  required  for  the  coil. 

If  the  volume  of  the  coil  is  not  prescribed  beforehand  we 
must  work  from  other  data.  Suppose  the  number  of  watts 
that  may  be  wasted  in  heating  is  given.  (This  may  be  estimated 
(a)  as  a  percentage  of  the  whole  output,  see  p.  552 ;  or  (^)  from 
the  estimated  available  cooling  surface  and  the  permissible 
rise  of  temperature,  see  p.  183.)  Call  the  watts  that  will  be 
wasted  in  heating  the  coil  W.     Then 

W  =  VC  =  C'R  =  VVR    .         .         [3j 

and  as  R  =  pi  X  volume 
it  follows  that 

V*  V 

volume  =  _  -=  _        .  .         [4] 

PiW       piC 

From  this  we  see  that  the  volume  can  be  calculated  if  either 
the  watts  or  the  current  are  prescribed. 

If  the  permissible  temperature  is  also  prescribed,  this  (see 
p.  183)  fixes  the  permissible  number  of  watts  per  square  inch 
of  cooling  surface ;  and  this  latter  being  settled,  determines 
the  number  of  square  inches  of  surface  that  the  coil  must  have. 
If  the  coil  as  designed  proves  to  have  an  insufficient  surface, 
then  it  must  be  re-designed  so  as  to  have  a  longer  length,  or 
else  the  volume  of  the  whole  must  be  increased,  and  a  greater 
weight  of  copper  used ;  and  if  new  dimensions  are  thus  chosen 
a  new  value  must  be  taken  of  the  mean  length  of  one  turn, 
and  the  computation  repeated. 

It  must  be  ever  borne  in  mind  that  in  shunt  windings,  if 
the  mean  length  of  one  turn  is  prescribed,  and  a  given  number 
of  ampere-turns  is  prescribed,  everything  depends  upon  the 
resistance  per  turn,  and  therefore  on  the  gauge.  Suppose  a 
shunt  winding  to  have  1000  turns,  it  will  have  a  certain  resist- 

^  See  also  formulae  by  Lowit  in  Elektrot,  Zetischr.t  xxi.  88 1,  1900. 
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ance,  therefore  at  the  prescribed  voltage  takes  a  certain  current 
producing  a  definite  number  of  ampere-turns.  Now  suppose 
that  half  /the  windings  are  cut  out,  while  preserving  the  same 
mean  length  per  turn.  The  remaining  500  turns  will  offer 
half  the  resistance,  and  will  therefore  receive  twice  as  much 
•current  as  before,  bringing  up  the  ampere-turns  to  the  previous 
value ;  but  the  C^R  loss  will  have  been  doubled.  Increasing 
the  length  of  a  shunt  bobbin  while  preserving  the  same  depth 
of  winding  and  same  gauge  of  wire,  will  therefore  enable  the 
required  excitation  to  be  obtained  with  a  lessened  waste  of 
■energy. 

If  the  volts,  heat-loss,  the  watts  per  square  inch,  mean 
length  of  one  turn,  and  resistance  per  cubic  inch  are  all  known 
the  length  L  of  the  bobbin  (in  inches)  can  be  found  from  the 
formula 


■--("^-^w)^"'^  •        [51 


where  W  is  the  number  of  watts  of  permissible  heat-loss,  and 
f  the  permissible  number  of  watts  per  square  inch,  dependent 
on  the  permissible  temperature  rise. 

Another  way  of  calculating  the  gauge  of  the  wire  from  the 
ampere-turns,  the  volts,  and  the  mean  length  of  one  turn,  is  as 
follows  : — Let  k  be  the  resistance  of  a  wire  i  inch  long  and 
I  mil  in  diameter  (  =  0*9  ohms  at  30"^  C),  then 

•where  d  is  the  diameter  in  mils.    We  may  deduce : — 


V 


Y      •  •  •         [6] 


Example. — Taking,  as  in  the  former  example,  V  =  25  ;  CS  = 
5200 ;  M  =  42  •  5  ;  and  taking  k  =  0*9,  the  formula  gives  d  ^  89  •  2 
mils,  which  is  between  Nos.  13  and  14  S.W.G.  If  we  had  takec 
the  temperature  as  50°  C,  we  should  have  had  k  =  0*972,  and 
^  =  92  mils,  which  is  almost  exactly  No.  13  S.W.G. 

If  square  order  in  the  winding  be  assumed,  the  number  of 
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turns  in  one  layer  and  number  of  layers,  occupied  by  a  coil  of 
S  turns  of  external  diameter  dx  mils,  having  a  net  length  of 
winding  space  L  (inches),  can  be  calculated  from  the  following 
formulae : 

No.  of  turns  in  i  layer  =  1000  L  -^  dx. 

No.  of  layers        „        =  Srfi  -f- 1000  L. 

Hence  the  radial  depth  or  thickness  T  of  the  coil  would 
be 

T  =  S^/i  -7- 1,000,000  L  ; 

but  owing  to  bedding,  T  will  probably  come  a  little  less  than 
this.  Further,  it  is  not  safe  to  assume  without  trial  that  the 
number  of  turns  in  one  layer  can  be  found  by  the  formula 
from  a  measurement  of  dx  made  with  callipers.  The  right 
way  is  to  try  by  winding  a  piece  of  coil  with  the  wire  in  ques- 
tion. A  few  turns  may  be  wound  on  a  wooden  core  and  the 
length  occupied  by  10  turns  should  be  accurately  measured, 
and  divided^by  10  to  find  the  working  value  of  d^* 

Curves  to  facilitate  calculations  for  magnet  winding  have 
been  given  by  Mr.  H.  H.  Wood  in  the  Electrical  Worlds  xxv. 
pp.  503  and  529,  April  1895. 

The  following  rules,  due  to  Mr.  Kapp,  give  the  weights  of 
copper  in  coils,  W  standing  for  the  permissible  number  of  watts 
wasted,  D  the  mean  diameter  in  inches,  M  the  mean  length  of 
one  turn  in  inches  (for  coils  not  circular  in  shape),  and  CS 
stands  for  the  prescribed  number  of  ampere-turns  of  excitation. 

Weight  in  lbs.  =  2  •  4  x  lO" «  x  ^-^^^  ;       .        [7] 
weight  in  lbs.  =  0-245  x  io-«  x  ^^^IS^'-     •         [8] 

Coil  Winding. 

Coils  forfield-magnets  may  be  classified  as  (a)  bobbin-wound, 
(b)  farmer-wound.  In  those  wound  on  bobbins  no  special 
instructions  are  needed,  except  as  to  modes  of  fixing  and 
bringing  out  the  ends.   Rectangular  wire  is  preferable  in  every 
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case  where  the  wire  is  to  be  wound  to  a  radial  depth  exceed- 
ing one  inch,  as  it  gives  a  much  better  space-factor  than  round 
wire.     Better  still  is  edge-strip  winding  where  it  can  be  used. 

Field-magnet  Bobbins. — These  are  made  variously  of  brass 
with  brass  flanges,  of  sheet  iron  with  brass  flanges,  of  very  thin 
cast  iron,  sometimes  even  of  zinc.  Some  makers  use  sheet 
metal  with  a  flange  of  hardwood,  such  as  teak.  The  reader 
should  examine  the  examples  given  in  the  following  pages  : 
in  particular  the  Scott  and  Mountain  machine  (p.  665, 
Plate  v.);  the  Kolben  machine  (p.  671,  Plate  XVII.);  and 
the  English  Electric  Manufacturing  Co.'s  machine  (p.  694). 
Ample  pains  must  be  taken  to  line  the  bobbin  with  adequate 
insulating  materials  such  as  layers  of  press-spahn,  vulcanized 
fibre,  or  varnished  mill-board.  Great  attention  must  be 
paid  to  the  manner  of  bringing  out  and  securing  the 
inner  end  of  the  coil.  If  a  bobbin  is  simply  put  upon  a 
lathe  to  be  wound,  the  inner  end  of  the  wire,  which  must 
be  properly  secured,  requires  to  be  brought  out  in  such  a 
way  that  it  cannot  possibly  make  a  short-circuit  with  any  of 
the  wires  in  the  upper  layers  as  they  cross  it.  A  method  of 
winding  which  obviates  all  difiicutty  on  this  score  is  to  wind 
the  coil  in  two  separate  halves,  the  two  inner  ends  of  which  are 
united,  so  that  both  the  working  ends  of  the  coil  come  to  the 
outside.  Fig.  87  shows  such  a  bobbin.  The  windings  are 
secured  by  bindings  of  tape.     This  method  of  construction 


has  been  used  for  years  in  winding  the  secondaries  of  in- 
duction coils,  where  it  is  desirable  to  keep  the  ends  of  the 
winding  away  from  the  iron  core  and  from  the  primary  coil. 
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Mr.  C.  E.  L.  Brown  introduced  a  method  (Fig.  89)  of  piling  up 
the  windings  conically,  without  any  end  flanges,  thus  avoiding 
some  of  the  risks  of  breakdown  ;  and  for  high  voltage  work 
he  adopted  the  plan  of  similarly  piling  the  windings  into  two 
heaps  (Fig.  90),  so  that  both  the  free  ends  come  at  the  outside. 


Fig.  89.— Brown's  Piled  Coil. 

In  winding  copper  strip  for  the  coils  of  tramway  motors  a 
similar  device  has  been  resorted  to  ;  the  union  of  the  two  strips 
being  effected  at  the  interior  of  the  coil  as  in  Fig.  88. 

In  another  form  of  machine,  by  Messrs.  Alioth,  the  pole 
cores,  which   are  removable,  are  themselves  shaped  to  serve 


Fig.  90. — Brown's  Piled  High-Voltage  Coil. 

as  bobbins,  and,  after  being  served  with  a  protecting  layer  of 
insulation,  are  wound  in  the  lathe.     This  is  shown  in  Fig.  91. 
Former-wound  Coils  are  wound  upon  a  block  of  wood  to 
which  temporary  checks  are  secured  to  hold  the  wires  together 
during  winding.^     Such  coils  have  pieces  of  strong  tape  wound 

*  For  an  illastrated  account  of  the  use  of  former-blocks  in  winding,  see  the 
Electrical  Engineer  (London)  for  May  1902. 
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in  between  the  layers  and  lapped  at  iniervals  over  the  windings 
so  as  to  bind  them  together.  For  tramway  motors,  which  are 
subject  to  excessive  vibration,  very  strong  tapes  inust  thus  be 
woven  in ;  and  the  completed  coil  is  served  with  two  layers  of 
tape  each  separately  soaked  in  insulating  varnish.  The  whole 
coil  is  then  soaked  with  insulating  varnish  and  stove-dried. 
Preferably  a  current  is  sent  through  the  coils  to  heat  them 
internally  while  they  are  being  baked.  They  thus  become 
thoroughly  mummified  and  hard.  For  such  motors  an  asbestos 
insulation  is  sometimes  prescribed.  All  field-magnet  coils, 
whether  bobbin-wound  or  former-wound,  ought  indeed  to  be 
thoroughly  soaked  with  varnish  and  stove-baked. 


I i 1 

Flo.  91.— Wound  Pole-Core  (Alioih). 

Bringing  out  and  Fixing  of  Ends. — Figs.  92  to  94  illustrate 
methods  used  for  bringing  out  the  ends  of  coils.  In  Fig.  92 
copper  strip,  laid  in  behind  an  end-sheet  of  insulating  material, 
makes  connexion  to  the  inner  end,  as  shown  in  the  upper  side 
of  the  figure,  while  another  strip,  shown  in  the  under  side 
similarly  inlaid,  serves  as  a  mechanical  as  well  as  an  electrical 
attachment  for  the  outer  end  of  the  winding.  This  device  is 
due  to  Mr.  Kapp. 

Another  method,  due  to  Messrs.  Ganz  and  Co.,  is  illus- 
trated in  Figs.  93  and  94. 

A  simple  device  for  securing  the  outer  end  is  to   fashion 
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a  terminal  piece  like  Fig.  95  so  that  it  can  be  laid  upon 
the  windings,  the  last  three  or  four  turns  of  which  are  wound 
over  its  base,  and  after  winding  are  bared  at  the  place  and 
soldered  securely  upon  it. 

Insulation  of  Field-Magnet  Coils. — It  is  not  absolutely- 
necessary  to  use  any  mica  preparation  for  insulation  of  field- 
magnet  bobbins,  several  layers 
of  paper  preparations  being 
more  often  used.  One-tenth  of 
an  inch  thickness,  if  made  up 
of  several  superposed  layers, 
is  generally  adequate.  Var- 
nished canvas  is  useful  as  an 
underlay,  and  press-spahn  or 
vulcanized  fibre  for  lining  the 
flanges.  It  is  important  to 
protect  the  joint  between  the 
cylindrical  part  and  the 
flanges.  As  an  example  of 
careful  insulation,  may  be 
cited  the  method  adopted 
at  Schenectady  for  insulating 
the  magnets  of  the  Edison 
bipolar  machines,  working  at 
100  to  125  volts,  which  are 
insulated  as  follows :  End- 
rings  of  hard  rubber  arc 
wedged   upon  the  iron   cores 

with    mica.      When    bits    of 

,  Fig.  92.— Mode  of  Bkinginc 

sheet    mica    are   used,    these  ^^^  Ends. 

are   cut   to   be   i^  inch   wide 

and  at  least  3  inches  long  ;  but  when  "  made  mica  "  sheets  are 
used,  long  strips  5  inches  wide  are  cut,  and  conformed  by 
heating  to  the  curvature  of  the  core.  In  either  case  the 
mica  projects  at  least  l  inch  on  the  inner  side  of  the  ring. 
Then  over  the  core  is  laid  one  layer  of  varnished  muslin 
24  mils  thick,  cut  to  the  exact  width  between  the  end- 
rings.      Upon  this  are   placed  two  layers  of  plain   pressed 
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board  20  mils  thick,  cut  one  inch  wider  than  the  width 
between  the  end-rings,  and  serrated  with  V-cuts  ^-inch  deep 
at  its  edges,  so  as^  to  allow  these  edges  to  make  flanges  against 
the  end-rings,  the  serrations  of  the  two  layers  breaking  joint 


Figs.  93  and  94, — Method  op  Bringing  out  Ends  (Ganz). 

one  with  the  other.     The  total  thickness  of  core  insulation  is 
thus  64  mils.     A  core-paper  is  laid  between  every  four  layers 
of  winding.     Between  series  and  shunt  coils,  in  compound-' 
wound  machines  there  is  as  careful  an  insulation  as  on  the 
cores.     When  the  winding  is  completed  two  layers  of  pressed 


H 


T 
Fig.  95.— Cj:l  Terminal  Piece. 

board  are  laid  over,  and  served  with  an  external  winding  of 
hard  rope,  and  varnished. 

For  machines  up  to  250  volts,  4  layers  of  oiled  pressed 
board  are  used  over  the  muslin. 

For  machines  up  to  500  volts  or  more,  3  layers  of  oiled 
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linen  5  mils  thick,  not  turned  up  at  edges,  are  placed  over  the 
muslin.  Over  these  come  first  four  layers  of  oiled  pressed 
board,  and  then  two  layers  of  plain  pressed  board,  the  latter 
with  edges  serrated  to  form  flanges.  This  makes  a  total 
thickness  of  insulation  1 59  mils.  Core-papers  are  laid  between 
every  three  layers  of  winding,  and  three  layers  of  pressed 
board  are  served  on  the  outside. 

The  protective  external  lagging  covering  the  outer  surface 
of  the  completed  coils  is  not  altogether  a  benefit,  for  it  tends 
to  prevent  dissipation  of  heat. 

Attachment  of  Magnet  Coils, — The  usual  mode  of  support- 
ing the  magnet  coils  is  by  means  of  the  projecting  pole-shoes; 
these  are  sometimes  made  removable,  or  if  solid  with  the  pole- 


FiG.  96.— Mode  of  Anxhoring  Coils. 

core,  the  latter  is  made  removable  from  the  yoke.  Some 
machines  have  no  pole-shoes,  and  in  this  case  means  must  be 
taken  to  support  the  coils.  Small  side  brackets  screwed  into 
or  bolted  through  the  projecting  end  of  the  pole-core  are  used. 
Another  method  is  to  provide  triangular  blocks  of  hard-wood, 
which  lie  in  the  space  between  the  pole  tips  of  two  adjacent 
poles,  and  are  secured  by  long  bolts  to  the  yoke,  as  indicated 
in  Fig.  96.  Fig.  97  shows  the  plan  adopted  in  the  traction 
motors  of  W.  Lahmeyer  and  Co. 

Connexion  of  Magnet  Coils. — The  almost  invariable  plan  of 
connecting  magnet  coils  is  to  unite  them  in  series,  so  that  the 
same  magnetizing  current  may  flow,  through  them  all.  This 
is  the    case    for   separately   excited,  and    for   shunt-wound 


I. 
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machines.  They  must  be  connected  up  so  as  to  secure  that 
they  produce  alternate  north  and  south  poles.  If  all  the  coils 
are  similarly  wound  with  respect  to  the  terminals,  and  simi- 
larly placed,  that  is  to  say  so  placed  that  the  winding,  con- 
sidered from  the  coil  terminal  nearest   the  pole-face,  starts  in 


Fig.  97.— Modk  of  St 


all  the  coits  in  the  same  direction  (i.e.  all  right-handedly,  or 
else  all  left-handed ly)  then  the  connexions  will  come  alter- 
nately at  the  pole  face  end,  and  at  the  yoke-end  of  the  bobbins. 
(Compare  the  plates  at  the  end  of  this  book.  See  in  particular 
the  Kolben  machine,  Plate  XVI.).  The  compounding  coils 
should  be  similarly  connected  in  series  amongst  themselves. 


Magnkt  Cofls. 


In  the  case  also  of  series-wound  machines,  such  as  tramway 
motors,  the  whole  of  the  magnet  bobbins  should  be  in  series. 
Ventilation  of  Field-Magnet  Bobbins. — It  is  not  usual  to 
ventilate  the  bobbins  of  field-magnets  ;  but  in  some  cases,  as 
for  example  the  magnet-wheels  used  for  alternators,  some 
makers  design  the  bobbins  to  be  of  greater  length  (parallel  to 
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the  shaft)  than  the  length  of  the  pole-core,  thus  affording 
wind-ways.  Also  the  series  coils  of  compound-wound  genera- 
tors are  sometimes  supported  away  from  the  shunt-coils,  with 
air-ways  between  them. 

Heating  of  Coils. — The  heat  inevitably  generated  in  the 
copper  coils  is  dissipated  in  two  ways.  It  passes  by  conduc- 
tion through  the  copper  and  the  insulation,  either  to  the 
external  surface,  whence  it  passes  off  by  radiation  and  con- 
vexion  into  the  air,  or  to  the  magnet-core  and  yoke,  which  in 
turn  conduct  it  away  and  dissipate  it  from  their  surfaces.  In 
large  multipolar  machines  the  masses  of  metal  in  the  pole- 
cores  and  magnet-frame  are  more  efficacious  than  the  exter- 
nal surface  of  the  coil  in  dissipating  the  heat 

Some  considerations  in  general  concerning  the  heating  of 
coils  may  here  be  discussed.  If  it  be  assumed  that  the 
thickness  of  the  insulation  is  proportional  to  the  thickness  of 
the  wire  upon  which  it  is  wound,  it  follows  that  the  weight  of 
copper  in  a  coil  filling  a  bobbin  of  even  dimensions  will  be 
the  same,  whether  a  thick  wire  or  a  thin  one  be  used.  Further, 
for  a  given  volume  to  be  filled  with  coils,  the  resistance  in  ohms 
of  the  coil  will  vary  directly  as  the  square  of  the  number  of 
turns  in  the  coil.  For  if  a  coil  wound  with  100  turns  of  a 
given  gauge  be  rewound  with  200  turns  of  a  wire  having  half 
the  sectional  area,  the  resistance  of  the  new  winding  will 
obviously  be  four  times  as  great  as  that  of  the  original  wind- 
ing. Also  by  a  similar  argument,  it  follows  that  the  resistance 
of  a  coil  of  given  volume  will  vary  inversely  as  the  square  of 
the  sectional  area  of  the  wire  used.  And  as  the  area  is  propor- 
tional to  the  square  of  the  diameter  of  the  wire,  it  follows  that 
the  resistance  is  inversely  proportional  to  the  fourth  power  of 
the  diameter  of  the  wire  used. 

The  amount  of  heat  developed  per  second  in  a  coil  is  the 
product  of  the  resistance  into  the  square  of  the  strength  of 
the  current  To  avoid  waste,  therefore,  no  unnecessary  resist- 
ance should  be  introduced  into  any  main-circuit  coil.  It  is 
easy  to  show  that  with  a  coil  of  given  volume^  the  heat-waste 
is  the  same  for  the  same  magnetizing  power,  no  matter 
whether  the  coil  consists  of  few  windings  of  thick  wire  or 
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many  windings  of  thin  wire.  The  heat  per  second  is  C*  R^, 
and  the  magnetizing  power  is  S  C  ;  C  being  the  current  Rj^  the 
resistance,  and  S  the  number  of  turns.  But  R^  varies  as 
the  square  of  S,  if  the  volume  occupied  by  the  coils  is  con- 
stant. For  suppose  we  double  the  number  of  coils,  and  halve 
the  cross-sectional  area  of  the  wire,  each  foot  of  the  thinner 
wire  will  offer  twice  as  much  resistance  as  before  ;  and  there 
are  twice  as  many  feet  of  wire.  The  resistance  is  quadrupled 
therefore.  The  heat  is  then  proportional  to  C*  S* :  and  there- 
fore the  heat  is  proportional  to  the  square  of  the  magnetizing 
power.  If,  therefore,  we  apply  the  same  magnetizing  power 
by  means  of  the  coil,  the  heat-waste  is  the  same,  however  the 
coil  is  wound.  To  magnetize  the  field-magnets  of  a  dynamo 
to  the  same  degree  of  intensity  requires  the  same  expenditure 
of  electric  energy,  whether  they  are  series-wound  or  shunt- 
wound,  provided  tlie  volume  is  the  same,  and  the  space-factor  is 
unaltered.  Any  increase  in  the  space-factor  is  equivalent  to 
a  larger  volume,  or  to  the  discovery  of  a  wire  having  a  lower 
specific  resistance.  With  a  higher  space-factor  the  prescribed 
excitation  can  be  attained  with  a  lesser  waste  of  energy. 
This  is  the  reason  for  the  advantage  of  using  square  wire  or 
strip  winding  instead  of  round  wire. 

A  simple  way  of  looking  at  this  matter  is  to  regard  the 
whole  winding  as  consisting  of  one  turn,  there  being  a  current, 
equal  to  the  total  ampere-turns,  going  only  once  round.  Then 
this  current  divided  by  the  total  cross  section  of  copper  gives 
the  current-density.  We  then  see  that  for  equal-sized  bobbins 
(containing  the  same  amount  of  copper)  the  magnetizing  effect 
is  simply  proportional  to  the  current  density.  Further,  the 
power  wasted  per  lb.  of  copper  is  proportional  to  the  square  of 
the  current-density.  The  following  Table  XL  gives  the  waste 
in  watts  for  different  current-densities  in  both  inch  and  centi- 
metre measure.  The  temperature  of  the  coil  is  taken  at 
30^  C,  at  which  temperature  the  resistance  of  an  inch  cube  of 
copper  may  be  taken  at  0*7  X  10'^  ohm. 

If  the  volume  of  the  coil  (and  the  weight  of  copper  in  it) 
may  be  increased,  then  the  heat-waste  for  a  given  magnetizing 
force  may  be  proportionally  lessened.     For  example,  suppose 
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a  shunt-coil  of  resistance  r  has  S  turns  ;  if  we  wind  on  another 
S  turns  in  addition,  the  magnetizing  power  will  remain  nearly 
the  same,  though  the  current  will  be  cut  down  to  one-half 
owing  to  the  doubling  of  the  resistance  ;  and  the  heat-loss 
will  be  halved,  for  2  R^  x  (i  C)^  will  be  i  C^  R^. 

TABLE  XL — Loss  of  Power  in  Copper  Conductors  at  Different 

C  u  rrbnt-Densities. 


Current-Density. 

Watts  converte<I  into  Heat. 

1 

Amperes  per             Amperes  per 

sq.  in.                     sq.  cm. 

1 

Per  cubic  in. 
1         of  copper. 

1 

1 

1     Pei  cubic  cm. 
of  copper. 

Per  lb.  of 
Copper. 

0548 

400                           62 

0112 

1 

o'oo68 

500   .                       77-5 

0175 

0*0106 

0-544 

600                          93 

0*252 

0*0154 

0*784 

700                   io8'5 

0*340 

0*0204 

1*057 

800                   124 

0-448 

0*0273 

1*393 

900                   139- 5 

0-567 

0*0340 

1*758 

1009                   155 

0-7 

0*042 

2*17 

1500                   232 

1*57 

0*096 

4*88 

2000                          ''\\0 

2-8 

0171 

8*71 

2500                  387 

4*37 

0*266 

1359 

3000                  465 

6-3 

0384 

19*59 

3500                   542 

8-5 

0*510 

26*43 

4000                  620 

II'2 

0683 

3483 

It  is  assumed  in  the  foregoing  argument  that  we  get  double 
the  number  of  turns  on  if  we  halve  the  sectional  area  of  the 
copper  wire.  This  is  not  quite  true,  because  the  thickness  of 
the  insulating  covering  bears  a  greater  ratio  to  the  diameter 
of  the  wire  for  wires  of  small  gauge  than  for  wires  of  large 
gauge.  In  designing  dynamos,  moreover,  one  ought  to  be 
guided  by  the  question  of  economy,  not  by  the  accident  of 
there  being  only  a  certain  volume  left  for  winding.  If  there 
is  insufficient  space  round  the  cores  to  wind  on  the  amount  of 
wire  that  economy  dictates,  new  cores  should  be  designed 
having  a  sufficient  length  to  receive  the  wire  which  is  economi- 
cally appropriate. 
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In  order  then  that  any  coil  (whether  upon  the  armature  or 
field-system)  may  not  overheat,  it  must  have  sufficient  surface 
relatively  to  the  amount  of  heat  developed  in  it  by  the  current. 
For  equal  watt  loss  per  unit  area  of  radiating  surface,  the 
amount  of  heat  developed  will  be  entirely  different  in  field- 
magnets  and  armatures,  on  account  of  the  different  conditions 
under  which  the  heat  is  liberated,  and  consequently  we  must 
consider  them  separately. 

Heating  of  Field-Magnets  and  Stationary  Bobbins  gene- 
rally. 

Let      Wm  be  the  total  watts  wasted  in  the  field-coils  at 

full  load,  that  is,  w^  =  (C»^  R^  +  C«^  R\). 

Ai  be  the  total  heat-radiating  area  of  all  the 
bobbins,  in  square  inches,  not  counting  end 
flanges  and  internal  surfaces  (if  any). 

B,n  represent  the  final  temperature  rise  above  the 


Then 


surrounding  air. 


6.n    OC   IV: 


and 

I 


B^     ^      \       9 


or 


The  value  of  the  constant  //  depends  upon  the  depth  of 
winding,  upon  the  amount  of  the  draught  set  up  by  the 
ianning  action  of  the  armature,  and  upon  the  condition  of 
the  air,  that  is,  circulating  or  still.  According  to  Mr.  W.  B. 
Esson,  the  value  //  may  be  taken  as  55  for  ordinary  field 
bobbins.  That  is  to  say,  an  emission  of  wasted  heat  at  the 
rate  of  I  watt  per  square  inch  will  cause  a  rise  of  55°  C. ;  or, 
if  30°  C.  be  taken  as  the  permissible  amount  of  rise,  the  coil 
must  expose  i  '83  square  inches  per  watt  wasted  in  it.  This 
figure  appears  to  be  low  for  modern  machines.  The  tempera- 
ture is  here  assumed  to  be  measured  by  thermometer  at  the 
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surface  of  the  coil,  covered  with  a  pad  of  cotton-wool.  For 
the  usual  shape  and  dimensions  of  field-bobbins,  more  par- 
ticularly those  of  multipolar  machines  other  than  iron-clad 
types,  the  formula 

Q^  (in  Centigrade  degrees)  =  ^  x  75      .     [9] 

will  be  found  to  give  good  results.  The  value  of  the  heating 
constant  is  higher  for  iron-clad  types  and  enclosed  motors. 

For  shunt-bobbins  this  formula  gives  directly  the  maxi- 
mum shunt  current  Cm  that  may  be  used  if  the  temperature 
rise  is  prescribed  as  a  limit.     Thus 

W^  =r  V   X   Cm   =    CL  Rm 

V    75  X  Rm  ^     ^ 

Or,  if  the  excitation  watts  and  temperature  rise  are  given, 
we  have  for  the  necessary  radiating  surface  of  the  coils 

A.=  75_x^«''" [II] 

In  the  case  of  edge-strip  coils  being  used,  the  temperature 
rise  will  be  much  less  than  that  calculated  by  these  formulae, 
because  in  coils  of  this  species  the  internally-generated  heat 
is  conducted  much  better  to  the  surface,  whence  it  escapes 
without  the  internal  temperature  rising  so  high.  Messrs. 
Ferranti  found  the  temperature  rise  after  6  hours  in  a  1 500 
kilowatt  machine  at  150  revs,  per  min.  to  be  only  16  deg.  C, 
though  the  current-density  was  920  amps,  per  sq.  inch.  In  a 
150  kilowatt  machine  at  380  revs,  per  min.,  and  1200  amps, 
per  sq.  inch,  the  temperature  rise  was  only  14*5  deg.  C.  after 
6  hours.  In  one  case  where  an  edge-strip  winding  was  in  two 
layers  with  insulation  between,  though  the  current-density 
was  only  800  amps,  per  sq.  inch,  the  rise  was  about  28  deg.  C. 
after  a  5  hours'  run. 

At  the  Oerlikon  Works,  a  limit  of  30  deg.  C.  assigned  to 
the  heating  of  a  stationary  bobbin,  is  found  to  correspond  to 
an  emission  of  0*4515  watts  per  square  inch  :  or  22  square 
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inches  of  radiating  surface  are  necessary  for  getting  rid  of  each 
watt  wasted  in  heating.     This  makes  the  constant  //  =  66. 

If  we  assume  that  a  limit  of  temperature  rise  of  50  deg.  C. 
above  that  of  the  surrounding  air  is  safe,  then  the  largest 
current  which  may  be  used  with  a  given  stationary  magnet 
coil,  is  expressed  by  the  formula — 

Maximum  permissible  current  =  0'95\/o~  " 
Similarly,  for  shunt  coils  we  have 

Maximum  permissible  voltage  =  0"95^ARm- 

Some  recent  measurements  of  the  rise  and  distribution  ot 
temperature  in  field-magnet  coils  have  been  made  by 
E.  Brown,*  and  by  Neu,  Levine  and  Havill.*  Brown's  obser- 
vation made  on  a  bipolar  Siemens  dynamo  led  him  to  note 
how  efficacious  in  promoting  cooling  was  the  metal  in  proxi- 
mity. He  recommended  that  the  bobbin-heads  should  be 
made  as  good  conductors  of  heat  as  possible ;  that  any  gap 
between  the  pole-core  and  the  bobbins  should,  if  possible,  be 
filled  up  with  good  conducting  material ;  and  that,  as  bobbins 
heat  most  at  the  mid-length  they  should  be  made  of  less 
depth  there,  that  is  of  an  hour-glass  form.  The  Electric  Con- 
struction Company  undulates  (see  Fig.  445)  the  profile  of  its 
field-coils  for  the  purpose  of  better  cooling.  Messrs.  Neu, 
Levine  and  Havill,  using  a  bipolar  Crocker- Wheeler  motor, 
explored  the  distribution  of  temperature  throughout  the  cross- 
section  of  the  coils,  by  electrical  measurement  of  the  rise  of 
resistance  of  the  various  parts  of  the  winding,  and  also 
measured  the  apparent  rise  of  temperature  with  thermometers. 
They  plotted  isothermal  curves  showing  how  under  var>'ing 
conditions  the  temperature  is  distributed,  when  the  coil  was, 
^i)  supported  in  the  air,  (2)  standing  on  a  table,  (3)  in  place  on 
the  machine  at  rest,  (4)  in  place  on  the  machine  running  at 
full  load  ;  in  each  case  the  coil  being  heated  for  six  hours  at 
the  rated  voltage.    The  first  case  showed  the  greatest  heating, 

*  yournalofthelnst.  of  Elec.  Engitteers^  xxx.  11 59,  1901. 
'  Electrical  World,  xxxviti.  56,  July  13,  1 901. 
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for,  though  the  table  arrested  the  circulation  of  air  it  seemed 
to  cool  the  whole  coil.  The  average  rise  in  the  four  cases  was 
37*5,  33*9,  22*7  and  28*3  deg.  C.  respectively.  In  case  3  the 
iron  core  conducted  away  more  heat  than  the  external  air,  the 
point  of  maximum  temperature  being  nearer  to  the  surface 
than  to  the  core.  They  observed  with  the  machine  running 
at  full  load,  a  rise  of  no  deg.  Q,  per  watt  per  square  inch  of 
exposed  cylindrical  coil  surfcu^ ;  and  with  the  machine  station- 
ary, a  rise  of  100  deg.  C.     This  makes  the  formula — 

W 

^,„  (in  Centigrade  degrees)  =  —^  x  no,        [12] 

leading  to  the  result  that  if  the  limit  of  rise  be  set  at  30  deg.  C. 
there  must  be  allowed  no  less  than  3*66  inches  of  cylindrical 
surface  per  watt  wasted  in  the  magnet  coil.  It  appeared  that  a 
surface  exposed  to  contact  with  iron  was  nearly  twice  as  effica- 
cious as  a  surface  exposed  to  air,  leading  to  the  rule  : — 

e^  (in  Centigrade  degrees)  =  340  -^-—-^—-      [13] 

where  A«  is  the  area  exposed  to  air  and  A/  that  in  contact 
with  iron. 

They  found  the  true  mean  rise  of  temperature  as  mea- 
sured by  increase  of  resistance  to  be  i  '4  to  i  "6  or  more  times 
as  great  as  the  apparent  mean  rise  measured  by  thermo- 
meter. 

Some  calculations  about  the  greater  heating  of  interior 
layers  have  been  given  by  Joyce  in  Journ,  Institution  Electrical 
Engineers,  xix.  248,  1890. 

In  the  case  of  enclosed  motors,  without  any  resort  to  arti- 
ficial cooling,  it  is  difficult  to  prevent  the  internal  temperature 
from  rising  by  as  much  as  100  deg.  C.  above  that  of  the  sur- 
rounding air.  Some  makers  provide  their  enclosed  motors 
with  external  radiating  ribs  to  aid  dissipation  of  the  heat. 
For  these  the  temperature-rise  (according  to  Niethammer) 
may  be  reckoned  as  equal  to  about  95  to  140  times  the  total 
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watts  lost  divided  by  the  total  surface,  in  square  inches,  that  is 
exposed  to  the  circulation  of  air. 

Heating  of  Armatures  or  Running  Coils. — The  amount  of 
heat  liberated  in  a  rotating  armature  depends  principally 
upon  : — 

(i)  The  heat-radiating  surface  A2.  In  estimating  this,  the 
number  of  square  inches  exposed  to  the  cooling  action  of  the 
air  are  to  be  taken,  but  it  is  a  matter  of  discretion  to  estimate 
what  proportion  of  the  internal  surfaces  contribute  to  it 

(2)  The  peripheral  speed  v  of  the  winding.  For  small 
armatures  and  ring  winding  the  average  peripheral  speed 
(feet  per  minute)  as  given  by  the  average  diameter  of  the 
armature,  is  to  be  taken. 

(3)  The  proportion,  within  limits,  ot  radiating  surface  to 
polar  surface.  Naturally,  an  armature  nearly  covered  by  the 
pole-pieces  will  not  have,  as  a  rule,  such  a  good  chance  of 
getting  rid  of  the  developed  heat,  as  one  whose  radiating 
surface  is  more  open  to  the  air. 

The  heating  of  an  armature  in  which  Wa  total  watts  (iron 
and  copper  losses)* are  being  wasted  can  be  estimated  from 

the  formula  _,, 

^,  =  "'^  X  ^-      ,      ...     [14I 

Aa        I  +  (*  X  Z')  ^      ' 

where  a  and  b  are  constants — the  values  of  which  are  dependent 
on  the  type  of  machine. 

The  constant  a  varies  in  ordinary  well-ventilated  machines 
of  modern  design  from  50  to  90,  while  constant  b  appears  to 
vary  from  0*0004  to  0*0009,  *f  ^  is  in  feet  per  minute.  The 
curves  given  in  Fig.  99  are,  however,  more  convenient  to 
employ  for  estimating  the  temperature  rise,  as  representing 
what  is  usually  found  in  modern  practice.  The  ordinates 
represent  the  rise  of  temperature  per  watt  per  square  inch  and 
the  abscissae  the  peripheral  speeds.  Curve  A  A  is  to  be  used 
for  small  unventilated  armatures,  and  is  based  upon  the 
average  results  of  Messrs.  A.  H.  and  C.  E.  Timmermann,^  and 
with  tests  made  upon  actual  machines.     Curves  B  B  and  C  C 

*  Trans,  Amer,  Inst.  EUctr.  Engineer s,  x.  1893. 
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are  to  be  used  for  estimating  the  temperature  rise  of  small 
well-ventilated  armatures  and  large  ventilated  armatures 
more  or  less  of  a  fly-wheel  nature,  respectively. 

Hence  to  find  the  temperature  rise  Qa  of  any  armature 
running  at  a  peripheral  speed  of  v  feet  per  minute  :  Divide 
the  number  of  watts  wasted  by  the  number  of  square  inches, 
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and  then  from  one  or  other  of  the  curves  find  the  tempera- 
ture rise  corresponding  to  the  peripheral  speed  in  question. 

At  the.  Oerlikon  Works,  it  was  found  that,  taking  a 
surface  speed  of  about  20CX)  feet  per  second,  and  a  permissible 
temperature  rise  of  30°  C,  each  square  inch  of  armature  sur- 
face (external)  could  dissipate  from  1*29  to  i*6i  watts;  or 
each  watt  requires  from  0*6  to  0*8  square  inch.  Assuming 
4  per  cent  of  the  output  to  be  wasted  in  armature  heat,  or 
40  watts  per  kilowatt,  the  necessary  armature  surface  must 
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therefore  be  about  24  to  32  square  inches   per   kilowatt  of 
output. 

Owing  to  the  cooling  effect  of  the  air-currents  when  the 
armature  is  running  it  is  found  that  when  a  dynamo  is  stopped 
at  the  end  of  a  long  run,  the  surface  temperature  immediately 
rises  above  what  it  was  when  the  machine  was  running,  as  the 
heat  which  is  being  conducted  outwards  from  the  hotter  interior 
is  not  now  so  rapidly  got  rid  of.  Thus  we  find  that  in 
Admiralty  specifications  it  is  laid  down  that  after  the  end  of  a 
run  of  six  hours  at  full-load,  no  accessible  part  of  the  arma- 
ture or  field -magnets  shall  show  a  greater  rise  than  70°  F- 
(  =  38  •  8°  C.)  above  the  surrounding  air.  This  does  not  by  any 
means  imply  the  final  temperature  rise,  because  the  thermo- 
meter will  invariably  continue  to  rise  for  a  much  longer  period 
than  one  minute.  But  in  any  case  this  temperature  limit  is 
needlessly  low,  as  a  rise  of  twice  as  much  would  be  perfectly 
safe,  even  in  the  hottest  engine-room. 
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CHAPTER  VIII. 

INSULATING  MATERIALS,   AND  THEIR   PROPERTIES. 

Insulating  materials  other  than  air  and  the  gases  may  be 
classified  under  several  heads  : — 

(i.)   Vitreous,    including    glass,   enamel,  "vitrite,*'   and 
sundry  kinds  of  slags. 

(ii.)  Stony,  such  as  slate,  marble,  steatite,  mica,  asbestos, 
kieselguhr,  stone-ware,  porcelain,  "petrifite." 

(iii.)  OsseotiSy  such  as  bone  and  ivory. 

(iv.)  Resinous,  including  shellac,  resins  of  all  sorts,  copal 

and  other  gums, 
(v.)  Bituminous,  as  bitumen,  asphaltum,  pitch. 

(vi.)   Waxy,  including  bees-wax,  solid  paraffin,  ozokcrit, 
and  the  like. 

(vii.)  Elastic,  such  as  indiarubber,  natural  and  vulcanized, 
ebonite,  gutta-percha, 
(viii.)  Oily,  including  various  oils  and  fats  of  animal  and 
vegetable  origin,  as  well  as  mineral  petroleum. 

(ix.)  Cellulose,  including  dry  wood  and  paper ;  many 
natural  substances,  such  as  cotton,  wood  pulp, 
and  many  preparations  of  paper  and  of  wood 
pulp,  papier-mdch^,  press-spahn,  manila-paper, 
vegetable  parchment,  "  vulcanized  fibre,"  cellu- 
loid, "  Willesden  paper." 

(x.)  Silk,  and  allied  animal  tissues  such  as  catgut. 

(xi.)  Sulphur, 

From  these  materials,  or  some  of  them,  there  are  now 
manufactured  a  number  of  artificial  preparations  known  under 
trade  names,  such  as  "ambroin,"  "megohmite,"  "stabilit," 
"micanite,"  " vulcabeston,"  oiled-paper,   "empire  cloth,"  in- 
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sulating  tape,  and  kindred  fabrics;  also  special  varnishes, 
such  as  "armalac,"  "japan,"  "enamelac,"  "Sterling  varnish," 
and  "  Scott's  rubber  varnish." 

Dielectric  Resistance, — All  insulating  materials  are  mecha- 
nically bad.  They  differ  enormously  in  their  specific  electric 
resistance,  and  in  their  power  of  resisting  penetration  by  a 
spark.  They  all  share  the  particular  property  that  as  their 
temperature  is  raised  their  electric  resistance  decreases  enor- 
mously, and  in  general  they  become  fairly  good  conductors  so 
soon  as  any  chemical  change  begins.  Even  marble,  glass 
and  porcelain  begin  to  conduct  as  electrolytes  below  a  red 
heat.  Some  are  liable  to  absorb  moisture  from  the  atmo- 
sphere and  so  lose  their  insulating  properties. 

The  most  important  thing  to  know  about  such  insulating 
materials  as  are  used  in  dynamo  construction  is  their  power 
to  resist  being  pierced  by  a  spark.  It  is  also  important  to 
know  whether  they  are  hygroscopic,  whether  they  are  im- 
paired when  their  temperature  is  raised,  and  whether  they 
deteriorate  with  time. 

Porcelain  and  stoneware  are  used  for  insulating  bushes, 
and  as  supports  for  terminals.  Dry  wood  and  paper  prepara- 
tions such  as  press-spahn,  vulcanized  fibre,  papier-m^ch^, 
oiled  canvas  and  the  like  are  only  used  for  low  voltages,  or  as 
secondary  insulators,  that  is  insulators  which,  while  mechanic- 
ally holding  the  conducting  parts  apart,  form  a  backing  for 
some  better  primary  insulator  such  as  mica. 

Experimental  data  as  to  the  dielectric  strength  of  insulat- 
ing materials  have  been  made  from  time  to  time  by  various 
authorities.  From  these  the  following  have  been  collected. 
Fig.  100  relates  to  layers  of  pure  mica  and  of  oiled  canvas  of 
different  thicknesses,  and  to  the  number  of  volts  required  to 
break  them  down.  The  experiments,  which  were  made  at 
the  Oerlikon  works,  consisted  in  putting  layers  of  the  sub- 
stances between  the  electrodes,  and  gradually  increasing  the 
voltage  until  the  substance  began  to  heat  up  between  the 
poles. 

Fig.  lOi  relates  to  micanite,  that  is  to  say  to  thin  laminae 
of  mica  cemented  together  with  a  special  g^m  such  as  pure 
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shellac.  It  is  found  that  when  a  sheet  of  micanite  is  placed 
between  two  electrodes,  and  the  voltage  is  gradually  raised,  a 
point  is  reached  when,  with  a  sheet  of  given  thickness,  a 
current  begins  to  flow  through  the  micanite,  heating  it  up 
within,  and  producing  a  burning  which  rapidly  destroys  the 
insulation.  Micanite  is  a  good  insulator  even  at  150^  C,  and 
its  breakdown  when  the  limiting  voltage  is  reached,  appears 
to  be  due  to  the  chemical  decomposition,  not  of  the  mica,  but 
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Fig.  100. — Curves  of  Dielectric  Strength. 


of  the  cementing  varnish.  Pure  mica  in  sheets,  whether  of 
white  or  of  brownish  or  greenish  tint,  if  clear  has  an  enormous 
power  of  resisting  puncture  by  the  sparic,  some  samples  with- 
standing as  much  as  5000  or  more  volts  per  mil  thickness. 
Mica-canvas  consists  of  mica  scrap  sheets  about  2  mils  thick, 
overlapping  one  another,  and  cemented  with  shellac  varnish 
between  two  sheets  of  canvas ;  the  total  thickness  being 
about  50  mils  and  withstanding  3000  volts  (alternating).    Mica 
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long-cloth  consists  of  mica  scraps  similarly  cemented  between 
a  very  thin  "  linen  *'  fabric ;  its  thickness  being  about  25  mils. 
In  making  each  of  these  compositions  the  sheets  are  baked 
for  at  least  twenty-four  hours  in  a  steam-heated  oven. 

The  data  given  in  the  following  Table  XII.  are  only  very 
approximate,  as  in  most  cases  the  compositions  vary  some- 
what, and  differ  at  different  temperatures.  Taking  these 
figures  as  being  true  at  ordinary  temperature  of  the  air,  it  is 
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Fig.  ioi. — Insulation  Voltage  of  Micanite. 


probable  that  in  most  cases  a  rise  of  30  deg.  Centig.  would 
reduce  them  to  half  their  value,  pure  mica  being  less  affected, 
and  paraffined  paper  much  more  affected  than  the  rest  of 
those  mentioned. 

A  discrepancy  appears  between  the  figures  for  mica  in 
this  table  (800  to  80CX)  volts  per  mil),  and  the  Oerlikon 
figures  (about  27  volts  per  mil).  The  Oerlikon  figures  relate 
to  the  production  of  the  /tenting  which  indicates  incipient 
breakdown,  while  the   figures  in  the  table  relate  to  piercing 
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by  a  sudden  spark.     Many  makers  allow,  as  a  safe  insulation, 
I  millimetre  per  500  volts,  which  is  about  12  volts  per  mil. 

Hobart   using  a  mixed   insulation    allows  the   following 
thicknesses  in  armature  slots :  i  "2  mm.  for  115  volt  machines, 
I  '3  mm.  for  230  volts,  i  •  5  mm.  for  550  volts  ;  the  guaranteed 
insulation  test  from  copper  to  iron  at  20^  C.  being  from  2500 
3500  alternating  volts  applied  for  one  minute. 

TABLE  XII.— Dielectric  Strength  of  Insulating  Materials. 


Material. 

Dielectric    ' 
Strength 
(volts  per  mil) 

Megohm*  per 
mil  thicknes!*, 
for  z  sq.  inch. 

Remarks. 

Mica,  clear  flat     .     .      . 

800-5000 

30,000 

varying  in  quality. 

Micanite  plate 

900-1200 

1,000,000 

Mica  canvas    .... 

60-70 

300,000 

Mica  lopg-cloth    . 

60-70 

3CO.00O 

Mica  paper,  flexible  . 

300-800 

300,000 

Press-spahn     .... 

300-400 

ICO 

hygroscopic. 

Paraffined  paper  .      .     . 

800-1000 

10,000,000 

softens  when  warm. 

Oiled  paper    .... 

-500-900 

1350 

made  with    pure  boiled 
linseed  oil. 

Shellacked  paper 

50-125 

20 

cartridge  paper. 

Manila  paper  .... 

120 

4 

dried,  unvarnished. 

Doable  cotton,  shellacked 

250-300 

25 

as  on  D.C.C.  wires. 

Hard  rubber   .... 

500-1200 

600 

varies  much  with  quality. 

Vulcanized  fibre  . 

120-200 

400 

hygroscopic. 

Thinnest  insulating  tape 

ISO 

20 

thickness  about  7  mils. 

Vulcabeston    .... 

20 

15 

Dry  mahogany  or  maple 

«s 

0-5 

■ 

Slate 

s 

0-5 

r ought   to    be    boiled    in 
\       paraffin. 

Dry  wood  is  used  in  armature  construction  as  a  packing 
under  windings  to  prevent  abrasion  where  they  turn  through 
a  sudden  curve.  Slate  is  only  used  for  terminal  boards,  and 
must  be  free  from  metallic  veins.  Vulcabeston,  consisting 
essentially  of  asbestos  cemented  together  with  a  small 
quantity  of  rubber  and  vulcanized,  is  useful  as  being  capable 
of  being  moulded:  it  does  not  lose  its  insulating  properties  if 
I.  O 
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heated  even  to  300*^  C.  Stabilit,  which  is  manufactured  in 
sheets  and  tubes,  is  said  to  withstand  10,000  or  15,000  volts 
with  a  thickness  of  i  millimetre  or  about  400  to  600  volts 
per  mil.  It  is  non-hygroscopic  and  can  be  moulded.  The 
measured  resistance  is  about  40,000  ohms  per  mil  thickness. 
Megohmite  is  a  mica  composition  also  capable  of  being 
moulded.  All.  paraffined  compositions  have  a  very  high 
apparent  insulation  resistance,  but  are  quite  unsuitable  if  the 
temperature  rises  so  little  as  30  deg.  Centigrade.  Cardboard 
baked  and  then  while  hot  impregnated  with  shellac  or  other 
insulating  varnish  makes  an  excellent  material  for  lining 
armature  slots.  A  preparation  known  as  "  rope-paper " 
when  dry  breaks  down  at  about  700  volts  ;  but  when  specially 
treated  with  copal  varnish  breaks  down  at  from  7000  to 
10,000  volts.  Another  paper  preparation  is  known  as  **  Carton 
Lyon."  For  all  voltages  over  500,  an  insulation  containing 
mica  is  to  be  preferred,  and  indeed  is  indispensable  for  all 
high-voltage  work. 

There  is  a  serious  objection  to  resin,  shellac,  and  to 
varnishes  containing  shellac  and  resin,4that  these  substances 
when  heated  give  off  vegetable  acids  which  in  time  corrode 
the  copper.  Hence  other  varnishes  have  been  sought  which 
are  not  open  to  this  objection.  Among  these  are  "  Sterling 
varnish  "  and  "  enamelac." 

The  Pittsburg  Insulating  Company  manufactures  various 
fabrics  and  papers  impregnated  with  "  Sterling  varnish  "  and 
is  responsible  for  the  particulars  given  in  Table  XIII. 

Sulphur  mixed  while  melted  with  powdered  glass,  or  with 
kieselguhr,  forms  a  composition  that  can  be  poured  into 
sockets  or  cavities  and  is  an  insulator. 

Insulation  of  Core-Disks.— Th^  stampings  of  armatures 
are  sometimes  japanned,or  sometimes  with  sheets  of  thin  paper 
placed  between  them.  A  more  modern  practice  is  to  cover 
the  thin  iron  sheets  with  paper  by  machine  before  the  lamin- 
ations are  stamped  out  to  shape.  A  coating  of  enamel  or 
water-glass  has  also  been  tried.  A  high  insulation  is  not 
needed  ;  but  it  must  be  capable  of  withstanding  the  inevitable 
rise  of  temperature. 
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TABLE  XIII.— Puncture  Tests. 


MateriaL 
Bond  paper 

Grade. 
A 

Thickness 
in  Mil». 

4-  5 

Puncture  Test 
in  Volt*. 

Guaranteed  Resist- 
ance to  Puncture. 

•  • 

5.000  -     9,000 

Fibre  paper 

A 

6-7 

8,000  -  10,000 

« . 

Red  rope  paper 

A 

9-IO 

9,000  -   11,000 

« . 

Paper       .      .      .      . 

A 

6-7 

8,000  -  10,000 

•  • 

Paper      .     .     . 

B 

9-10 

14,000  -   16,000 

10,000  volts 

Paper       .      .      .      . 

C 

12-14 

20,000  -  25,030 

15,000  „ 

Linen       .     .      .      . 

A 

6-7 

5,000  -     9,000 

•  • 

Linen       .     .     .      . 

B 

lO-Il 

13.000  -  15,000 

10,000    ,, 

Linen       .     .     .      . 

C 

15-16 

18,000  -  20,000 

15,000  ,, 

Insulation  of  Core-Bodies. — After  a  core-body  has  been 
assembled  and  properly  clamped  upon  its  spider,  it  must  be 
protected  by  insulation,  so  as  to  diminish  any  risk  of  making 
short-circuit  with  any  of  the  conductors.  Although  these  are 
each  separately  insulated,  insulation  of  the  core-body  is  also 
necessary  as  a  double  protection.  Smooth  cores  are  insulated 
over  the  cylindrical  surface  as  well  as  at  the  ends.  Toothed 
cores  arc  insulated  along  the  slots,  as  well  as  at  the  ends. 
Core-bodies  for  ring-wound  armatures  must  also  be  insulated 
along  the  inner  periphery  of  the  core.  ** Empire  cloth"  is 
found  very  suitable  for  covering  smooth  cores. 

Insulation  of  Slots, — It  is  usual  to  line  the  interiors  of  slots 
with  a  layer  of  insulating  material.  *'  Empire  paper  "  is  suitable 
as  a  first  lining.  For  machines  working  at  500  volts  or  under, 
a  lining  of  varnished  paper  or  cardboard,  20  mils  thick,  is  con- 
sidered adequate,  provided  the  individual  conductors  or  the 
groups  of  conductors  are  themselves  strongly  insulated  with 
micanite  of  40  mils  or  50  mils  thickness.  Sometimes  a  lining 
of  mica-paper  is  used.  For  still  higher  voltages,  micanite 
linings  made  of  sheet-micanite  are  used.  In  the  case  of  tunnel 
slots,  or  slots  that  are  nearly  closed  between  T-shaped  teeth, 
micanite  tubes  are  preferred.  Thece,  indeed,  are  general  in 
the  case  of  high-voltage  alternating  generators  and  motors. 

O  2 
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A  good  practice  is  to  tape  the  conductors  for  all  voltages 
to  a  thickness  of  20  mils,  and  for  the  slot  insulation  to  allow 
for  100  volts  60  mils,  for  250  volts  80  mils,  and  for  500  volts 
at  least  100  mils  thickness,  with  an  extra  packing  at  the 
bottoms  of  the  slots  and  between  the  upper  and  lower  coils  in 
the  slot. 

Insulation  of  Conductors. — Double  cotton  covered  wires,  if 
treated  with  shellac  varnish,  or,  better,  with  Sterling  varnish  in 
several  coats,  and  baked  in  a  steam  oven,  are  commonly  used 
for  wire-wound  armatures.  For  armatures  liable  to  rough 
usage  there  is  preferred  a  treble  cotton  covering  soaked  in  a 
special  asphaltum  varnish  which  when  dry  is  more  flexible. 
Former-wound  coils  are  usually  wound  dry,  and  taped,  before 
any  coating  of  varnish  is  applied  ;  and  care  ought  to  be  taken, 
before  any  varnish  is  applied,  to  drive  out  all  moisture.  This 
may  be  done  in  a  steam  oven,  or  better,  in  a  Passburg  vacuum 
chamber,  which  does  not  necessitate  so  high  a  temperature. 

For  further  and  more  detailed  information  the  reader  is 
referred  to  the  following  sources  : — 

C  P,  Steinmetz. — Note  on  the  Disruptive  Strength  of  Dielectrics. 
Trans.  Amer.  Inst.  EUc.  Engineers ^  x.  85,  Feb.  21,  1893. 

Oerlikon  Maschinen  Fabrik. — Sur  le  Calcul  de  Machines 
^lectriques,  June  1900. 

Sever^  Monell  and  Perry, — Effect  of  Temperature  on  Insulating 
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CHAPTER  IX. 

ACTIONS  AND   REACTIONS  IN   THF.   ARMATURE. 

In  this  chapter  we  deal  mainly  with  continuous-current 
dynamos  having  armatures  of  either  ring  or  drum  type,  and 
with  a  simple  magnetic  field  such  as  is  furnished  by  the 
bipolar  magnet  once  so  common  in  small  machines  of  this 
class.  Many  of  the  considerations  apply  equally  to  the  case 
of  multipolar  machines. 

For  the  sake  of  clearness  we  will  suppose  the  armature  (as 
viewed  from  the  end  to  which  the  commutator  is  affixed)  to 
be  rotating  right-handedly  ;  and  we  will  further  suppose  that 
the  north  pole  of  the  field-magnet  is  situated  on  the  right 
hand,  as  in  Figs.  114  to  116,  so  that  the  magnetic  lines  pass 
through  the  armature  core  from  right  to  left.  We  shall 
further  suppose  that  the  coils  on  the  armature  cores  are 
wound  right-handedly.  Taking  this  as  a  standard  case  it 
is  afterwards  very  easy  to  see  how  a  change  in  any  one  of 
these  conditions  will  affect  the  induction  of  electromotive- 
force. 

In  Fig.  102  these  points  are  illustrated  by  an  end  view  of  a 
ring  armature.  The  magnetic  lines  proceeding  from  the 
N-polc  will  cross  the  adjacent  gap-space  from  right  to  left, 
and  enter  the  iron  core  of  the  armature  ;  traversing  this  (as 
illustrated  in  Fig.  119,  p.  215),  they  will  then  pass  across  the 
other  gap-space  on  the  left  and  enter  the  S-pole  of  the  field- 
magnet.  The  copper  wires  or  conductors  of  the  armature, 
as  each  rises  successively  in  the  left-hand  gap,  will  cut  these 
magnetic  lines.  Each  conductor  will  emerge  at  the  top  of 
the  gap,  will  move  over  the  highest  part  of  the  armature  from 
left  to  right,  and  in  descending  the  gap-space  on  the  right 
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will  again  cut  the  magnetic  lines.  If  we  now  apply  the  rule 
concerning  induction  '  laid  down  on  p.  37,  we  shall  find  that 
the  directions  of  the  induced  electromotive-forces  in  these 
rotating  conductors  will  be  as  follows  : — In  all  the  conductors 
as  they  ascend  through  the  left-hand  gap-space,  the  direction 
of  the  induced  electromotive-force  is  toward  the  observer — 
whilst  in  all  those  that  are  descending  the  other  gap-space  on 
the  right  the  induced  electromotive-forces  will  be  directed 
from  the  observer.  If  we  assume  that  these  electromotive- 
forces  are  actually  producing  currents,'  then  we  may  say  that 
the  currents  flow  toward  the  observer  in  the  conductors  which 
are  rising  in  the  left  gap-space ;  and  from  the  observer  in 
those  that  are  descending  the  right  gafcspace.     If  the  arma- 


ture is  wound  as  a  ring,  the  currents  which  come  in  one 
direction  in  the  gap-space  return  in  the  other  direction  down 
the  inside  of  the  ring.  If  the  armature  is  wound  as  a  drum, 
then  the  currents  simply  cross  at  the  end  of  the  core  through 
connecting  conductors  provided  for  the  purpose. 

Now  consider  the  way  in  which  the  coils  on  the  armature 
.ire   connected   together.     Whether  wound  as  ring  or  drum. 

'  See  footnote,  p.  I. 

'  Id  all  dynamos,  when  used  as  ^ntrators,  the  currents  bcitig  set  ap  by  Ihe 
clecttomolive-forces  are  of  coutsc  in  ihe  samt  diralien  as  the  elect  tomotive-foreei 
which  impel  them.  But  Et  must  be  remembered  that  in  the  case  of  machines  that 
nre  used  as  motors  the  curienls  are  being  ifaX  in  by  superior  electromotive- forces 
from  outside,  and  thnt  the  induced  electromotive -forces  in  the  motor's  a 
nrc  nlways  in  an  op(issili  dirtctirn  (o  that  of  the  current  that  is  flowing. 
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they  are  grouped  symmetrically  around  a  symmetrical  core, 
and  united  together  into  one  closed  coil  ;  whilst  at  regular 
intervals  along  the  windings,  connecting  pieces  lead  down  to 
the  separate  bars  of  the  commutator.  Fig.  36,  p.  53,  shows  ;i 
simple  ring  winding,  consisting  of  32  turns  of  wire  grouped  in 
eight  "  sections "  or  groups,  each  consisting  of  four  turns. 
The  end  of  each  section  is  joined  to  the  beginning  of  the 
next,  all  the  way  round.  There  are  eight  bars  in  the  commu- 
tator, and  each  section  of  the  winding  is  connected  down  at 
its  ends  to  two  adjacent  bars  of  the  commutator.  In  Fig.  36 
the  brushes  are  represented  as  making  contact  respectively 
with  the  highest  and  lowest  bars  of  the  commutator.  As  the 
windings  on  the  ring  are  right-handed,  a  little  consideration  will 
show,  in  accordance  with  the  preceding  paragraphs,  that  the 
induced  currents  in  the  ascending  windings  on  the  left-hand 
half  of  the  ring  will  all  be  climbing  from  the  lowest  point  to 
the  highest ;  and  that  the  currents  in  the  right-hand  half  of 
the  ring  will  also  be  climbing  from  the  lowest  point  to  the 
highest  These  two  currents  will  unite  at  the  top  bar  of  the 
commutator,  and  will  flow  together  into  the  upper  brush 
(which  will  accordingly  be  deemed  the  positive  brush),  and 
thence  will  go  to  supply  the  external  circuit  ;  after  which  the 
current  will  return  to  the  lower,  or  negative  brush,  and  will 
there  re-enter  the  armature  at  the  lowest  bar  of  the  commu- 
tator, dividing  again  into  two  parts  and  flowing  up  the  two 
halves  of  the  winding  as  before.  If  the  conductors  on  the 
armature  were  wound  (or  connected)  left-handedly,  the  lower 
brush  would  be  the  positive  one,  and  the  upper  the  negative. 
All  the  preceding  argument  would  equally  apply  to  a  drum- 
winding  (compare  p.  53),  but,  owing  to  the  overlapping  of 
the  two  halves  of  the  windings,  the  paths  of  the  currents  would 
oot  be  quite  so  obvious. 

It  will  be  noted  that  the  current,  after  having  entered  the 
armature  coils  and  divided  into  its  two  paths,  goes  from  section 
to  section  without  going  down  into  any  of  the  commutator 
bars,  until  both  streams  unite  at  the  other  side  and  pass  down 
into  the  bar  of  the  commutator  which  is  for  the  moment 
passing  under  the  brush.     At  those  moments  when  one  of  the 
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commutator  bars  is  just  leaving  contact  with  a  brush,  and 
another  one  is  coming  into  contact  with  it,  the  brush  will  rest 
on  two  adjacent  bars  and  will  momentarily  short-circuit  one 
section  of  the  coils.  While  this  lasts  the  two  streams  that 
come  through  the  two  halves  of  the  winding  will  flow  respec- 
tively to  the  two  bars  of  the  commutator,  and  will  thus  unite 
by  both  flowing  into  the  same  brush.  It  is  obvious  that  if  a 
current  is  introduced  at  any  point  into  a  closed  circuit  (such 
as  the  winding  of  a  ring)  and  is  taken  out  at  any  other  point 
there  must  be  two  paths  through  the  windings.  In  the  case 
of  multipolar  machines  we  shall  see  there  are  usually  more  than 
two  paths  through  the  armature. 

It  is  evident  that  if  the  magnetic  lines  in  the  gap-space 
are  more  closely  crowded  together  in  one  part  than  in  another, 
the  electromotive-forces  induced  in  the  separate  windings  as 
they  cut  these  magnetic  lines  will  be  of  unequal  amount ;  the 
greatest  electromotive-force  being  generated  in  those  con- 
ductors which  are  passing  through  that  part  of  the  magnetic 
field  where  the  lines  are  crossing  the  gap  most  densely.  But 
since  the  individual  conductors  are  all  united. together  end  to 
end,  it  will  be  obvious  that  the  total  electromotive-force  of 
either  half  of  the  winding,  from  brush  to  brush,  will  be  the 
sum  of  the  eJectromotive-forces  in  the  separate  conductors. 

Induction  in  a  Uniform  Horizontal  Magnetic 

Field. 

In  considering  the  case  of  an  ideal  simple  dynamo,  it  was 
shown  that  the  induction  in  the  rotating  loop  or  coil  was  zero 
at  the  position  where  it  lay  across  the  magnetic  field,  and 
that  the  induction  increased  (as*  the  sine  of  the  angle)  to 
its  maximum  value  at  about  90°  (see  Fig.  22,  page  46).  This 
is  of  cour.se  true  for  the  ideal  case  of  the  magnetic  lines  going 
straight  across  horizontally  with  equal  density  everywhere. 
In  actual  dynamos  the  distribution  of  magnetic  lines  in  the 
gap  is  different,  not  always  symmetrical,  as  we  shall  sec. 
Returning  to  the  ideal  case,  F'ig.  103,  which  presents  a  curve 
of  sines^  will  serve  to  represent,  by  the  height  of  the  curve 
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the  amount  of  induction  going  on  in  an  armature  at  every  10° 
round  the  circle.  If  there  are,  for  example,  thirty-six  sections 
in  a  ring  armature,  so  that  the  sections  are  spaced  out  at  10° 
apart,  the  least  active  sections  will  be  those  at  0°  and  180°, 
while  the  most  active  are  those  at  90°  and  270^  But  in  all 
the  ordinary  "  closed-coil "  armatures,  the  separate  sections 
are  connected  together  so  that  any  electromotive-force  induced 
in  the  first  section  is  added  on  to  that  induced  in  the  second, 
and  that  in  the  third  is  added  to  these  two,  and  so  on  all  the 
way  round  to  the  brush  at  the  other  side.  The  separate 
electromotive-forces  are  added  together  just  as  are  the  separate 
electromotive-forces  of  a  battery  of  voltaic   cells   united   in 
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Fig.  103. — Curve  of  Induced  Electromotive-P'orce. 


series.  A  ring  of  battery  cells  united  in  series,  like  Fig.  104, 
but  having  one-half  the  cells  set  so  that  the  current  in  them 
tends  to  run  the  other  way  round  the  ring,  forms  a  not  inapt 
illustration  of  the  induction  in  the  sections  of  a  ring  armature. 
Now,  knowing  how  the  induction  in  individual  coils  or 
sections  rises  or  falls  round  the  ring,  let  us  inquire  what  this 
will  result  in  when  we  add  up  the  separate  electromotive- 
forces  so  as  to  find  the  total  effect.  We  shall  have  to  add  up 
the  effects  of  all  the  sections  round,  from  the  negative  brush 
at  0°  on  one  side,  to  the  positive  brush  at  1 80°  on  the  other 
side  :  and  the  result  will  be  the  same  in  each  half  of  the  ring 
because  of  symmetry.  Suppose  we  take  the  side  from  0°  by 
90""  to  180°  (on  the  left  in  Figs.  22  and  102).  If  we  look  at  the 
curve  given  above  (Fig.  103)  we  shall  see  that  as  the  heights  of 
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the  dotted  lines  represent  the  amount  of  induction,  the  total 
effect  will  be  got  by  adding  up  the  lengths  of  all  those  from 
o''  and  1 80° ;  and  of  course  the  sum  is  equal  to  the  sum  of  the 
negative  lengths  between  180^  and  360°  But  we  may  do  the 
thing  in  another  way,  which,  besides  giving  us  the  final  totals 
VI  ill  show  us  how  the  sum  grows  as  each  length  is  successively 
added  on.  We  should  find  that  the  sum  grew  slowly  at  first, 
then  rapidly,  then  slowly  again  as  it  neared  its  highest  value. 
The  sum  of  the  effects  would  grow,  in  fact,  in  a  fashion  repre- 
sented on  a  reduced  scale  in  the  curve  of  Fig.  105.      This 


Fig,  104. 


Fig.  io5.~Intkgrated  Curvk 
OF  Potentials. 


process  of  adding  up  a  continuously  varying^  set  of  values 
is  called  by  mathematicians  integrating.  Fig,  105  is  got 
by  integrating  the  values  of  the  curve  Fig.  103  between  the 
limits  of  0°  and  I8o^  Now  in  the  actual  dynamo  this  inte- 
gration is  effected  by  the  nature  of  things,  in  consequence 
of  the  fact  that  each  section  is  united  to  those  on  either  side 
of  it. 

It  is  possible  to  investigate   by  experiment*  either   the 

*  For  some  iavestigations  made  by  the  author,  the  reader  is  referred  to  ih'- 
author's  Cantor  Lectures  delivered  in  1883  before  the  Society  of  Arts,  and  whic!- 
are  also  described  in  some  of  the  earlier  editions  of  this  lx>ok.  Little  depends  ir. 
continuous-current  dynamos  on  the  form  of  these  curves ;  but  in  the  case  of 
alternators  the  particular  form  of  the  curve  of  induction  takes  a  special  signifi- 
cance. 
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induction  in  the  individual  coils  or  the  total  integrated  poten- 
tiil.  Several  methods  have  been  suggested  for  measuring  the 
electromotive-forces. 

Use  of  Exploring  Brushes. — The  electromotive-force  in- 
duced in  a  single  section  as  it  passes  any  particular  position 
may  be  examined  by  means  of  a  voltmeter  in  the  following 
wav. 

5".  P.  ThompsofCs  Method. — Two  small  metal  brushes  are 
fixed  to  a  piece  of  wood  at  a  distance  apart  equal  to  the  width 
between  two  consecutive  bars  of  the  commutator.  These 
brushes  are  united  by  wires  to  the 
voltmeter  terminals.  The  two 
brushes  are  placed  against  the 
commutator,  as  shown  in  Fig.  106, 
while  it  rotates  ;  and  as  they  can 
be  applied  at  any  point,  they  will 
measure  the  average  volts  in  that 
section  of  the  armature  which   is 

passing    through     the    particular  Fk;.  106.— Method  of 

.^       e   ».v.      CL  \jx  J*  Experimenting  at   Commi- 

part    of  the    field    corresoondinsf  t^ 

t^     w    v^.    w**^-    .ivAw    **vy.  ix-j^yviiviiii^  tator  of  Dynamo. 

to  the  position  of  the  contacts. 

Mordeys  Method, — ^The  rise  of  the  totalized  (j>.  inte- 
grated) potential  round  the  armature  can  be  measured 
experimentally  by  a  method  first  suggested  by  Mr.  W.  M. 
Mordey,  involving  the  use  of  a  single  exploring  brush  and  a 
voltmeter.  One  terminal  of  the  voltmeter  is  connected  to  one 
of  the  brushes  of  the  dynamo  (Fig.  107),  and  the  other  terminal 
is  joined  by  a  wire  to  a  small  pilot  brush  by  which  can  be 
pressed  against  the  rotating  collector  at  any  desired  part  of 
its  circumference.  In  a  well  arranged  continuous-current 
dynamo,  if  one  thus  measures  the  difference  of  potential 
between  the  negative  brush  and  the  successive  bars  of  the 
conunutator  one  finds  that  the  potential  increases  regularly 
all  the  way  round  the  armature,  in  both  directions,  becoming 
a  maximum  at  the  opposite  side  where  the  positive  brush  is 
The  distribution  is  irregular  in  badly  designed  machines. 

Stvifiburne's  Method. — An  elegant  modification  of  the 
preceding  method  consists  in   connecting  a   high-resistance 
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wire  across  the  terminals  of  the  machine,  and  finding  by  a 
detector  galvanometer  the  position  along  this  wire  of  the 
points  which  have  the  same  potential  as  that  of  the  pilot- 
brush  on  the  commutator.  Being  a  zero  method  it  is  very 
accurate. 

Jouberfs  Method. — Another  mode  of  examining  the  elec- 
tromotive-force  induced   at     every   successive   point   in    the 
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rotation  was  devised  by  M.  Joubert,'  who  placed  on  the  shaft 
of  the  dynamo  a  pair  of  insulated  metal  collars  connected  to  the 
ends  of  the  armature  windinc; ;  each  collar  having  a  project- 
ing contact-piece  which  at  each  revolution  made  a  momentary 
contact  against  a  spring.  The  moment  al  which  this  occurred 
depended   upon   the  position  of    the  contact  springs,  which 
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could  be  adjusted  to  different  points,  and  thus  enable  measure- 
ments to  be  made  of  the  instantaneous  values  of  the  electro- 
motive-force at  all  different  positions  of  the  armature.  Jou- 
bert's  method  has  been  extensively  used,  with  some  modifica- 
tions, by  many  investigators  for  the  purpose  of  observing  the 
special  forms  of  the  curves  of  electromotive-force  and  of  current 
in  alternate-current  machiner>\  The  reader  is  referred  to  the 
chapters  on  alternate  currents  in  the  later  part  of  this  work. 

Mordey's  Statical  Method. — Another  method,  applicable 
to  machines  at  rest  and  without  currents  in  the  armature,  con- 
sists in  separately  exciting  the  field-magnets,  while  the  arma- 
ture coils,  or  any  one  of  them,  are  connected  to  a  suitable 
ballistic  galvanometer,  and  observing  the  throw  caused  by  the 
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Fig.  108; — Diagram  op 
Potential  round 
THE  Commutator  of 
Gramme  Dynamo. 


Fig.  109. — Horizontal  Diagram  of 
Potentials  at  Commutator  of 
Gramme  Dynamo. 


sudden  turning  off  of  the  current  in  the  exciting  circuit.  Ii 
this  is  done  in  a  number  of  successive  positions  of  the  arma- 
ture, relatively  to  the  field-magnet,  a  measure  is  obtained  of 
the  density  of  the  magnetic  flux,  corresponding  to  each 
position  of  the  armature,  and  the  result  may  be  plotted  out  in 
a  curve  exhibiting  the  distribution  of  magnetism  in  the  field. 
This  distribution  is,  however,  perturbed,  as  we  shall  see  when 
the  machine  is  running  by  the  current  in  the  conductors  of  the 
armature. 

These  indications  may  with  advantage  be  plotted  out  round 
a  circle  corresponding  to  the  circumference  of  the  commutator. 
Figs.  108  and  109  serve  to  show  how  the  potential  in  a  good 
Gramme  machine  rises  gradually  from  its  lowest  to  its  highest 
value.     It  will  be  seen  that,  taking  the  negative  brush  as  the 
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lovvest  point  of  the  circle,  the  potential  rises  perfectly  regularly 
to  a  maximum  at  the  positive  brush.  The  same  values  as  are 
plotted  round  the  circle  in  Fig.  io8  are  also  plotted  out  as 
vertical  ordinates  upon  the  level  line  in  Fig.  109. 

The  steepness  of  the  slope  of  the  curve  at  different  points 
is  itself  a  measure  of  the  relative  idleness  or  activity  of  con- 
conductors  in  the  corresponding  parts  of  the  field. 

The  rise  of  potential  is  not  equal  between  each  pair  of 
bars,  otherwise  the  curve  would  consist  merely  of  two  oblique 
straight  lines,  sloping  right  and  left  from  the  points  of  highest 
and  lowest  potential  respectively.  On  the  contrary,  there  is 
very  little  difference  of  potential  between  the  commutator  bars 
corresponding  to  the  coils  that  are  relatively  idle.  The 
greatest  difference  of  potential  occurs  where  the  curve  is 
steepest,  at  a  position  nearly  90°  from  the  brushes,  in  fact,  at 
that  part  of  the  circumference  of  the  commutator  which  is  in 
connexion  with  the  coils  that  are  passing  through  the  position 
of  best  action.  If  the  magnetic  field  in  which  the  armature 
rotated  were  uniform  and  parallel,  the  curve  would  be  a  true 
**  sinusoid,"  or  curve  of  sines.  The  number  of  magnetic  lines 
that  pass  through  a  coil  would  be  proportional  to  the  cosine 
of  the  angle  which  the  normal  of  that  coil  makes  with  the 
resultant  direction  of  the  magnetic  lines  in  the  field,  and 
the  rate  of  cutting  the  magnetic  lines  should  be  proportional 
to  the  sine  of  this  angle.  Now  the  cosine  is  a  maximum 
when  the  angle  =  0°  and  the  sine  is  a  maximum  when  the 
angle  =  90°  ;  hence  the  rate  of  increase  of  potential  should  be 
at  its  greatest  when  the  coil  is  parallel  to  the  magnetic  lines. 

But  in  ordinary  dynamos  with  polar  surfaces  that  embrace 
the  armature  closely  on  both  sides  (as  in  Fig.  102,  p.  198)  the 
field  is — at  least  when  not  distorted  by  armature  reactions — 
distributed  nearly  radially  in  the  gap  spaces ;  and  in  the  parts 
lying  between  the  pole-tips  there  are  hardly  any  magnetic 
lines  entering  or  leaving  the  armature.  Hence  in  such  a  case 
the  revolving  conductors  become  active  as  they  plunge  into 
the  gap,  continue  nearly  equally  active  as  they  pass  along  the 
gap,  and  .become  almost  idle  when  they  emerge  to  pass 
between  the  pole-tips.     In  such  a  case  the  result  of  exploring 
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the  potentials  by  the  first  method  will  be  to  yield  a  curve  such 
as  A  in  Fig.  no.  The  corresponding  curve  for  the  total 
potential  measured  from  the  negative  point  around  the  com- 
mutator by  the  second  method  is  indicated  at  B  in  Fig.  no. 

If  the  brushes  are  badly  set,  or  if  the  pole-pieces  are  not 
judiciously  shaped,  the  rise  of  potential  will  be  irregular,  and 
there  will  be  maxima  and  minima  of  potential,  or  even  actual 
counter-electromotive  forces. 

As  we  shall  see,  the  current  in  the  armature  reacts  on  the 
magnetic  field,  and  distorts  the  distribution  of  magnetic  lines 
in  the  gap-space. 

Curves  similar  to  those 
given  can  be  obtained  from 
the  commutators  of  any  con- 
tinuous-current dynamo  hav- 
ing a  closed-coil  armature. 
The  open-coil  machines  used 
in  arc  lighting  give  widely 
different  curves  owing  to  the 
peculiar  arrangements  of  their 
commutators.  It  should  also 
be  remembered  that  the  pre- 
sence of  brushes  drawing  a 
current  will  alter  the  distribu- 
tion   of    potential ;    and    the 

manner  and  amount  of  such  alteration  will  depend  on  the 
position  of  the  brushes,  as  well  as  on  the  amount  of  current 
drawn  and  the  design  of  the  machine. 

Curves  showing  the  actual  distortions  due  to  the  armature 
reaction,  have  been  given  by  Von  Gaisberg,^  by  Kohlrausch  - 
and  by  M.  E.  Thomson,^  also  by  Ryan.*  See  also  a  paper 
by  Mr.  Shephardson^  on  methods  of  exploring  round  the 
commutator. 


Fig.  1 10. — Undistorted  Field. 


*  Elektrotecknischt  Zeitschrift^  vii.  67,  Feb.  1S86. 

*  Centralblatt  fiir  EUktrotechnik^  ix.  419,  1887. 
'  Electrical  Worlds  xvii.  392,  189 1. 

*  Trans,  Amcr,  Inst,  Electrical  Engineers,  vii.  3,  1890. 

*  American  Electrician,  x.  453,  1898. 
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Reactions  due  to  the  Currents  in  the  Armature. 

When  a  dynamo  is  yielding  a  current,  a  set  of  entirely 
new  phenomena  arises  in  consequence  of  the  magnetic  and 
electric  reactions  set  up  between  the  armature  and  the  field- 
magnets,  and  between  the  separate  sections  of  the  armature 
coils.  The  current  circulating  in  the  armature  winding  pro- 
duces magnetizing  effects  which  interfere  with  those  of  the 
exciting  currents  of  the  field-magnet  In  addition  to  this 
there  may  also  be  eddy  currents  in  the  masses  of  metal  which 
will  perturb  the  magnetic  field.  The  reactions  of  the  running 
armature  manifest  themselves  in  several  ways,  the  more 
important  of  which  are  (a)  a  tendency  to  cross-magfietize  the 
armature ;  {b)  a  tendency  to  spark  at  the  brushes  ;  {c)  hence 
the  necessity  of  shifting  the  brushes  through  a  certain  angle 
to  such  a  point  that  sparking  disappears  ;  {d)  a  consequent 
tendency  for  the  armature  current  to  demagnetise  ;  {e)  varia- 
tions of  sparking,  and  consequently  of  the  neutral  points, 
when  the  amount  of  current  drawn  from  the  machine  is 
altered  ;  (/)  heating  of  armature  cores  and  coils  ;  {g)  heating 
of  the  pole-pieces  of  the  field-magnets  ;  (A)  a  consequent 
discrepancy  between  the  quantity  of  mechanical  horse-power 
imparted  to  the  shaft  and  the  electric  horse-power  furnished 
in  the  electric  circuit.  The  nature  of  these  reactions  demands 
careful  attention. 

Cross- MagJietizing  Effect  of  Armature  Current — We  have 
seen  (pp.  20i,  202,  and  Fig.  104)  that  any  closed-coil  armature 


Fig.  III. — Polks  on  Half  Ring. 


may  be  regarded  as  acting  like  a  double  voltaic  battery,  the 
two  sets  of  coils  acting  like  two  rows  of  cells  united  in  parallel. 
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We  have  now  to  show  that  a  ring  armature  may  be  regarded 
also  as  a  double  magnet.  Suppose  a  semi-ring  of  iron  to  be 
surrounded,  as  in  Fig.  1 11,  by  a  coil  carrying  a  current,  it  will 
become,  as  everyone  knows,  a  magnet  having  a  N-pole  at  one 
end,  and  a  S-pole  at  the  other.  If  a  complete  ring  be  similarly 
over-wound,  but  with  an  endless  winding,  and  if  then  electric 
currents  from  a  battery  or  other  source  are  introduced  into 
this  coil  at  one  point,  flowing  round  the  two  halves  of  the  ring 
to  a  point  at  the  other  side,  and  then  leave  the  coil  by  an 
appropriate  conductor,  each  half  of  the  ring  will  be  magnetized. 


Fig.  1 12.— Circulation  of  Current 
AROUND  Ring  Armature. 


Fig.  113. — Magnetization  due  \ 
to  Armature  Current. 


There  will  be,  if  the  currents  circulate  as  represented  by  the 
arrows  in  Fig.  112,  a  double  (or  "consequent")  S-pole  at  the 
point  where  the  currents  enter  the  winding,  and  a  double  N-pole 
at  the  place  where  the  currents  leave.  The  currents  circulating 
in  a  Gramme  ring  will  therefore  tend  to  magnetize  the  ring 
in  this  fashion.  Let  us  see  how  such  a  magnetization  is  dis- 
tributed inside  the  iron  itself  Fig.  113  shows  the  general 
course  of  the  magnetic  lines  as  they  permeate  through  the  iron  ; 
where  they  emerge  into  the  air  they  constitute  the  effective 
poles  of  the  ring,  as  a  magnet.  Fig.  113  should  be  very  care- 
fully compared  with  Fig.  112.  It  will  be  noticed  that  though 
T.  P 


2IO  Dynamo-Electric  Machinery. 

the  majority  of  the  magnetic  lines  pass  externally  into  the  air 
at  the  outer  circumference  of  the  ring,  a  few  of  them  find 
their  way  across  the  interior  of  the  ring,  from  its  N  to  its  S- 
pole.  This  part  of  the  magnetic  field  would  in  an  actual 
dynamo  be  deleterious  if  the  number  of  magnetic  lines  were 
not  in  reality  few.  The  presence  of  the  external  masses  of 
iron  at  the  polar  parts  of  the  field-magnet  tends  to  cause  these 
magnetic  lines  to  find  their  way  externally. 

It  is  evident  that  this  cross-magnetizing  effect  will  pro- 
duce a  distortion  of  the  magnetic-field  in  the  pole-pieces  and 
in  the  gap-space.     If,  however,  the  brushes  could  be  allowed 
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Fig,  114.— Magnetic  Flux  through  Armature,  when  no  Current 

IS  Flowing. 

to  remain  at  the  ends  of  a  diameter  exactly  symmetrically 
between  the  pole-tips,  the  effect  of  the  cross  field  upon  the 
electromotive-force  would  be  inappreciable.  But  the  brushes 
have  to  be  displaced  into  an  angular  position  in  order  to  avoid 
sparking :  the  diameter  of  commutation  being  oblique  when 
the  brushes  are  moved  forward  to  the  neutral  points.  When 
this  is  done  the  armature  current  produces,  as  we  shall  see, 
not  only  a  cross-magnetizing  effect,  but  also  a  demagnetizing 
effect ;  and  this  weakens  the  electromotive-force. 

Fig.  1 14  represents  ^  the  magnetic  flux  through  an  armature 
at  rest,  when  the  field-magnets  are  separately  excited.  The 
-width  of  the  gap-space  is  exaggerated,  and  the  conducting 

^  Figs.  114,  115,  and  116  are  taken,  with  some   modification,  from  Essen's 
paper  in  Journal  Inst.  Electrical  Engineers ^  xix.  135,  1890. 
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wires  both  on  the  armature  and  on  the  field-magnet  are 
shown  in  section  as  if  consisting  of  a  single  layer  of  large 
round  wires.  Wires  in  which  a  current  flows  toivard  the 
observer  are  distinguished  by  a  central  dot  Wires  in  which 
a  current  flows /r^;y/  the  observer  are  distinguished  by  a  cross. 
The  reader  may  think  of  the  dot  as  representing  the  point  of 
an  arrow  advancing  towards  him :  whilst  the  cross  may 
represent  its  retreating  tail.  Wires  carrying  no  current  are 
left  blank.  It  will  be  noticed  that  the  magnetic  lines  are 
fairly  uniformly  distributed  both  in  the  gap-spaces  and  in  the 
polar  portions  of  the  field-magnet.  The  armature  is  drum- 
wound,  the  wires  being  only  on  the  outside ;  the  magnetizing 
effect  of  a  current  in  it  will  be  of  the  same  kind  as  that  traced 
out  above  in  the  case  of  a  ring-wound  armature,  though  less 
in  degree. 

Suppose,  now,  the  exciting  current  in  the  field-magnet 
coils  to  be  removed,  and  a  current  sent  through  the  armature 
coils  only,  so  as  to  imitate  the  effect  of  the  current  generated 
by  the  machine  when  running.  If  it  is  to  do  this,  and  if  the 
armature  connexions  are  in  right-handed  order,  and  the 
machine  rotating  right-handedly,  the  currents  in  both  sets  of 
windings  will  tend  to  climb  toward  the  top,  the  upper  brush 
being  the  positive  brush,  and  the  double  pole  created  at  B  will 
be  a  north  pole.  Suppose  the  brushes  by  which  the  current 
enters  and  leaves  to  be  set  respectively  at  the  highest  and 
lowest  points,  as  in  Fig.  115  ;  then  the  dotted  lines  may  be 
taken  as  representing  the  flow  of  magnetic  lines  due  to  the 
currents  in  the  armature.  Since  the  number  of  such  magnetic 
lines  depends  upon  the  goodness  of  the  magnetic  path  which 
they  have  to  follow,  it  is  clear  that  the  cross  field  produced 
by  a  given  current,  flowing  in  a  given  set  of  conductors,  will 
be  greater  the  narrower  the  gap-space,  and  the  wider  the  arc 
spanned  by  the  polar  masses  of  iron  ^  on  either  side.  It  may 
also  be  noted  that  the  cross-flux  in  either  half  of  the  armature 
must  cross  the  gap-space  twice. 

But  in  an  actual  dynamo,  when  generating  a  current,  both 

'  See  Journal  InsL  Electrical  Engineers^  xx.  290,  1891. 
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these  magnetizing  actions  are  going  on  at  once.  If  we  super- 
pose Fig.  115  on  Fig.  114,  we  shall  obtain  an  approximate 
picture  of  the  state  of  things,  as  Fig.  116.    We  supposed  that 
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^i^»  115. — Cross-magnktizing  Effect  of  the  Armature  Current. 

the  brushes  were  set  to  touch  at  two  points  on  the  vertical 
diameter.  The  field-magnets  tend  to  magnetize  the  ring,  so 
that  its  extreme  left  point  is  a  N-pole,  and  the  currents  tend 
to  magnetize  it  so  that  its  highest  point  where  the  brush  is> 
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Fig.  116. — ^JoiNT  Magnetizing  Effect  of  Currents  in  Field-Magnet 

AND  Armature  (no  lead). 

is  a  N-pole.  The  consequence  of  this  will  be  a  resultant 
magnetization  in  an  oblique  direction.  The  magnetism  is 
thus  distorted  in  the  direction  of  the  rotation  (in  motors  it  is 
distorted  the  other  way)  as  if  the  rotation  of  the  armature 
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had  actually  dragged  the  magnetism  round  a  little.  Now  for 
reasons  to  be  shortly  discussed,  the  brushes  must  be  set,  not 
on  the  diameter  that  lies  symmetrically  between  the  pole-tips, 
but  at  an  angle  a  little  ahead  of  this  in  the  direction  of  the 
rotation.  Hence  the  cross  field  will  also  lie  obliquely,  tend- 
ing to  further  distortion.  Draw  a 
line  O  F  (Fig.  117)  to  represent  the 
ampere-turns  due  to  the  field-magnet 
excitation,  and  the  line  O  B  to  repre- 
sent, relatively  in  magnitude  and  di- 
rection, the  ampere  turns  due  to  the 
armature  current ;  then  the  diagonal 
O  R  will  represent  the  direction  apd  magnitude  of  the  resultant 
magnetizing  tendency.  This  resultant  we  may  again  resolve 
into  two  components  O  C,  a  component  tending  to  cross* 
magnetize,  and  O  D,  a  component  tending  to  demagnetize. 

An  exaggerated  diagram  of  the  distortions  which  result  is 
given  in  Fig.  118,  which  relates  to  a  ring-wound  dynamo.     A 


Fig.  117. 
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Fig.  1 18.— Magnetic  Reactions  between  Field-Magnets  and 

Armature  in  Generator. 

reference  to  Figs.  115  and  116  will  also  show  that  the  magnet- 
ism of  the  armature  reacts  on  the  magnetism  of  the  pole-pieces. 
The  magnetic   lines   in   the   iron   of  the  left  pole-piece  are 
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crov/ded  up  towards  the  top  corner,  and  in  the  right  pole- 
piece  are  crowded  towards  the  bottom,  as  if  the  polarity  had 
been  attracted  upwards  on  one  side  and  downwards  on  the 
other.  The  density  of  the  field  is  completely  changed  from 
what  it  was  in  Fig.  1 14.  The  magnetic  lines  at  the  upper  left 
side  are  crowded  together.  The  resultant  N-pole  of  the  ring 
— marked  «,  n^  n,  where  the  lines  emerge  from  the  ring — 
attracts  the  S-pole — marked  j,  s,  s,  where  the  lines  enter  the 
field-magnet — ^and  the  steam-engine  which  drives  the  dynamo 
has  to  do  hard  work  in  dragging  the  armature  round  against 
these  attractions.  The  stronger  the  current  in  the  armature 
coils,  the  stronger  will  be  the  poles  in  the  armature,  and  the 
stronger  will  be  the  attraction  of  n,  n,  n,  toward  s,  j,  s  ;  so  the 
steam-engine  must  work  still  harder  to  keep  up  the  speed. 
It  will  also  be  noticed  in  this  figure,  which  relates  to  a  ring- 
wound  machine,  that  a  few  of  the  magnetic  lines  due  to  the 
current  in  the  armature — two  of  them  are  shown  dotted  in  the 
figure — leak  across  internally  and  contribute  nothing  to  the 
external  field.  The  oblique  direction  of  this  internal  field 
marks  the  angle  of  lead  of  the  brushes.  It  will  be  remarked 
that  the  innermost  layers  of  iron  of  the  ring  are  magnetized 
differently  from  the  outermost,  for  the  "  n  "  pole  of  the  outer 
layer  of  iron  occupies  a  region  lying  obliquely  on  the  left^ 
while  the  " ;/ "  pole  of  the  inner  layers  lies  to  the  right  of  the 
highest  point.  All  these  phenomena — the  shifting  of  the  field 
— its  concentration  under  the  **  forward  "  polar  horn — its 
weakening  under  the  "hindward"  horn — the  weak  internal 
field — the  discrepancy  between  the  positions  of  the  induced 
poles  on  the  inner  and  the  outer  sides  of  the  ring,  can  be 
observed  in  an  actual  dynamo.  Fig.  119  shows  the  pattern 
produced  experimentally  in  iron  filings  by  placing  a  mag- 
netized ring  between  the  poles  S  N  of  a  field-magnet^  which 
would  tend  to  induce  in  it  poles  n',  s',  and  giving  its  own 
poles  «,  s  the  proper  lead.  It  should  be  compared  with 
Figs.  116  and  118. 

In  the  case  of  drum-wound  armatures  the  phenomena, 
though  of  the  same  kind  as  with  ring  windings,  are  a  little 
less  easily  traced.     In  consequence  of  the  over-wrapping  of 
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the  windings  on  the  outside  of  the  armature,  the  currents  in 
some  of  the  windings  are  partially  neutralized  in  their 
magnetizing  effect  on  the  core  by  those  that  lie  across  them, 
and  consequently  the  polarity  due  to  the  current  is  not  so 
well  marked  as  with  ring  armatures.  Neither  can  there  be 
any  internal  tield.  In  fact  drum  armatures  are  less  liable  to 
induction  troubles  of  all  kinds  than  are  ring  armatures.  But^ 
with  these  exceptions,  the  same  considerations  apply  to  drums 
as  to  rings. 


Fig,  119.— Field  of  Two-pol«  Dynamo. 

A  glance'at  Fig.  11$  will  show  that  as  the  local  magnetic 
fields  due  to  armature  currents  tend  to  cross  each  of  the  gap 
spaces  twice,  once  in  the  same  direction  as  the  principal  mag- 
netic field,  and  once  in  an  opposing  direction,  there  must 
inevitably  result  a  weakening  of  the  field  at  that  part  of  the 
gap  where  the  revolving  conductors  enter,  and  a  strengthen- 
ing at  that  part  where  they  are  leaving,  exactly  as  though  the 
revolving  copper  swept  the  magnetic  lines  round  while  cutting 
through  them.  From  this  distortion  there  results  a  similar 
distortion  upon  the  curve  of  induction.  On  exploring  with 
pilot-brush  and  voltmeter,  one  obtains  curves '  which  differ 
from  those  obtained  when  there  is  no  current  in  the  armature. 
Fig.  \20,  which  shows  the  form  of  the  distorted  curves,  should 
be  compared  with  Fig.  no,  p.  207. 

*    *  See  also  Eltcliit  Gairralars  by  Parshall  and  Hobarl. 
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Neutral  Points, — From  the  earliest  time  that  dynamos 
have  been  used,  engineers  have  found  that,  in  order  that  the 
sparking  may  be  a  minimum,  the  brushes  should  be  placed  in 
certain  positions,  to  be  found  by  trial,  called  the  neutral  paints. 
In  ordinary  two-pole  d)mamos  the  two  neutral  points  lie  at 
opposite  ends  of  a  diameter,  which  diameter  is  therefore  called 
the  neutral  line.  The  term  diameter  of  commutation  ought  to 
be  reserved  to  denote  the  position  actually  occupied  by  the 

brushes,  or  by  the  coils  that  are 
passing  the  brushes,  whether  at 
the  neutral  point  or  not  Ex- 
perience shows  that  in  almost 
every  case  the  neutral  line  is 
not  mid-way  between  the  pole- 
tips,  but  lies  obliquely  across, 
being  (in  a  generator)  shifted 
round  a  few  degrees  in  the 
direction  of  rotation.  It  was 
early  found  that  in  many 
machines  the  exact  position 
of  the  neutral  point  was  differ- 
ent according  to  the  work  that 
the  dynamo  was  doing.  If  the 
brushes  were  set  so  as  not  to 
spark  when  a  certain  number  of  lamps  were  alight,  then  if  the 
load  of  lamps  ws^s  altered  the  machine  sparked  unless  the 
brushes  were  adjusted  to  the  corresponding  neutral  points. 
Hence  arose  the  practice  of  mounting  the  brushes  on  rockers 
(see  Plate  IV.),  by  means  of  which  their  line  of  contact  could 
be  altered  forward  or  backward  to  the  neutral  point.  Great 
attention  has  naturally  been  paid  by  constructors  to  the 
practical  problem  how  to  get  rid  of  variations  in  the  angle  of 
lead. 

Sparking  at  Commutator, — Under  conditions  of  faulty 
design  or  adjustment,  and  especially  when  a  large  current  is 
flowing  through  the  armature  of  dynamo  or  motor,  bright 
sparks  of  a  blue  or  yellowish-green  tint  are  observed  at  the 
commutator  just  under  the  tips  of  the  brushes.     The  greenish 


Fig.  12a — Curve  of 
Armature  Distortion. 
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hue  is  due  to  the  volatilization  of  minute  portions  of  copper. 
Severe  sparking  will  spoil  or  destroy  a  commutator  in  a  very 
short  time.  But  the  whole  subject  of  commutation  and  of  the 
sparkless  collection  of  the  current  is  so  important  that  it  is 
treated  of  separately  in  the  next  Chapter.  Meantime  it  will 
suffice  to  remark  that  the  conditions  for  securing  sparkless 
commutation  are  vital  to  the  subject  of  design,  and  that 
amongst  the  considerations  of  fundamental  weight  amongst 
those  conditions  are  these  reactions  which  tend  to  cross- 
magnetize  and  to  demagnetize,  which  may  be  comprehended 
under  the  general  name  of  armature  interference.  Important 
contributions  to  the  subject  of  armature  reaction  will  be  found, 
by  M.  Potier,  in  FEclairage  Electrique^  vol.  xix.  pp.  241-246, 
1899;  by  Mr.  Bessey  in  the  Electrical  Engineer  (N.Y.),  vol. 
XXV.  p.  511,  1898  ;  by  M.  Picou,  in  Bull.  Soc,  Internal,  des 
Electriciens,  xvi.  p.  160,  1899.,  and  xix.  p.  425,  1902  ;  and  by 
R.  Bauch  in  Elektrotechnische  Zeitschrifty  xxiii.  p.  61 1,  1902. 

Dead  Turns,  —  Owing  to  the  various  reactions  which 
depend  upon  the  speed,  it  is  found  that  the  electromotive- 
force  of  a  machine  excited  by  a  given  current  is  not  strictly 
proportional  to  speed,  but  falls  below  proportionality.  The 
machine  acts  as  though  some  of  its  revolutions  were  not 
effective.  The  name  dead-turns  is  given  to  the  number  of 
revolutions  by  which  the  actual  speed  at  any  output  exceeds 
the  number  that  would  be  needed  for  strict  proportionality. 

Spurious  Resistance. — There  is  yet  another  effect  whtdi 
results  from  the  existence  of  self-induction  in  the  coils  of  the 
armature.  In  each  section  the  current  tends  to  go  on,  and  in 
fact  does  actually  go  on  for  a  brief  time  after  the  brush  has 
been  reached.  Then  the  energy  of  the  current  in  that  section 
is  wasted  in  heating  the  copper  wire  during  the  interval  when 
it  is  short-circuited ;  and  as  it  passes  on,  energy  must  again 
be  spent  in  starting  a  current  in  it  in  the  inverse  direction. 
All  these  reactions  are  of  course  detrimental  to  the  output  of 
current  by  the  dynamo  :  especially  the  loss  in  short-circuiting. 
It  was  supposed  by  M.  Joubert  ^  that  the  loss  of  energy  due 

*  Comptes  Rendusy  June  23,   1880,  January  9,   1882,   March  5,   1883;   and 
V&lectricien,  April  1883. 
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to  the  reversals  of  the  current  in  the  sections  of  a  ring  arma- 
ture is  equal  to  /i  L  CV4  per  second,  where  n  is  the  number  of 
revolutions  per  second,  L  the  coefficient  of  self-induction  for 
the  entire  ring,  and  C  the  armature  current  Professors 
Ayrton  and  Perry  very  aptly  pointed  out  ^  that  the  matter 
may  be  conveniently  expressed  in  another  way.  Since  the 
energy  per  second  conveyed  by  a  current  running  through  a 
resistance  r  is  equal  to  r  C^  it  is  evident  that  the  energy  lost 
per  second  by  self-induction  is  the  same  as  if  there  were  an 
additional  resistance  in  the  armature  of  the  value  r  ^  n  L/4. 
There  is,  therefore,  in  a  rotating  armature,  an  apparent  in- 
crease of  resistance  proportional  to  the  speed,  and  this 
apparent  increase,  due  to  self-induction,  cannot  be  got  rid 
of  by  subdividing  the  armature  into  a  larger  number  of 
sections.  It  can  be  diminished  by  using  more  iron  in  the 
magnetic  circuit,  and  fewer  turns  of  wire  in  the  armature. 
The  value  here  assigned  depends  on  the  assumption  that 
during  the  moment  of  short-circuiting  the  current  in  the 
section  simply  dies  out  If  it  is  stopped  and  reversed  b}' 
the  introduction  of  a  counter  electromotive-force,  as  it  ought 
to  be,  the  value  will  be  less.  The  ^existence  of  an  apparent 
resistance  varying  with  the  speed  was  first  pointed  out  by 
M.  Cabanellas.^ 

Eddy-Oirrents. — There  are  two  other  inductive  reactions 
in  the  armature  to  be  considered.  If  any  of  the  framework 
or  metal  supports  that  carry  the  armature  constitute  closed 
circuits  which  can  cut  the  magnetic  lines,  they  will  be  the  seat 
of  wasteful  parasitic  currents,  which  will  eddy  round  in  them, 
heating  them  and  absorbing  power.  In  the  iron  of  the  arma- 
ture cores,  if  not  properly  laminated,  internal  eddy-currents 
(the  so-called  "  Foucault  currents  ")  may  be  set  up,  absorbing 
energy  and  producing  detrimental  heat ;  and  such  currents 
will  also  be  produced  within  the  conductors  which  form  the 
coil  of  the  armature,  if  these  are  massive  as  in  the  **  bar- 
armatures"  used  for  machines  that  have  a  large  output   of 

*  Journ,  Soc.  TeUg.  Eng.  and  EUctr,^  xii.  No.  49,  1883. 
-  Comptes  Refidusy   January  9,    1882,  and  Nov.  24,   1884;  see  ali'o   Picou. 
Manuel  d* ^lectromitriey  p.  123  ;  and  Lodge  in  Electrician,  July  31,  1885. 
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current.  Frolich,  in  1880,^  pointed  out  the  effect  of  the 
presence  of  these  currents;  and  to  them  he  attributed  not 
only  the  otherwise  unexplained  deficit  in  the  work  trans- 
mitted electrically  by  a  generator  to  a  motor,  but  also  the 
diminution  in  the  effective  magnetism  (mentioned  above  as  a 
result  of  cross-magnetism,  and  found  by  Frolich,  in  the  case  of 
certain  early  machines,  to  amount  to  25  per  cent,  of  the  whole) 
observed  with  great  currents  and  high  speeds.  Doubtless 
such  currents  exist,  and  the  energy  they  waste  will  be  nearly 
proportional  to  the  square  of  the  speed  :  ^  but  they  may  be 
indefinitely  diminished  by  proper  lamination,  insulation,  and 
disposition  of  the  structures  of  the  armature.  There  was 
much  discussion  about  the  year  1896  concerning  these  obscure 
sources  of  loss.  Eddy-currents  in  the  core-disks,  pole-faces, 
and  copper  conductors  will  not,  however,  account  for  all  the 
observed  amount  of  energy  waste.  Another  source  is  the 
unequal  distribution  of  the  currents  between  the  various 
circuits  if  the  poles  are  for  any  reason  not  equally  strong. 
These  were  discussed  by  Messrs.  Blathy,  Mordey  and  others 
in  the  Electrician^  vol.  xxxvii.  pp.  375,  420  and  446. 

Lamination, — The  rules  for  the  proper  lamination  of 
structure  are  different  in  the  different  parts  ;  for  in  the  arma- 
ture core  it  is  desired  to  cut  off  all  circulation  of  current  that 
might  be  induced  parallel  to  the  armature  conductors ;  and  in 
the  armature  conductors  it  is  desired  to  cut  off  all  flow  of 
current  from  one  side  or  edge  of  the  conductor  to  the  other. 
The  plane  of  lamination  must  of  course  be  arranged  to  cut 
right  across  the  direction  in  which  the  parasitic  current  might 
otherwise  flow.  Now  since  (see  p.  37)  the  direction  of  the 
induced  electromotive-force,  the  direction  of  the  motion^  and 
the  direction  of  the  magnetic  lines  are  all  three  at  right  angles 
to  one  another,  it  sufHces  in  each  case  to  describe  the  plane 
of  lamination,  by  stating  to  which  of  these  three  directions  it 

'  Berlin  Academy,  BerUhUy  Nov.  i8,  1880 ;  and  EUktrotechnische  Zeitsckrift^ 
i.  174,  May  18S1 ;  also  ix.  Nov.  and  Dec.,  1888. 

'  Clausius  has  introduced  into  his  equations  {Wied,  Ann.^  xx.  354,  1883; 
aiid  PML  Mag,,  series  5,  xvii.  46  and  119,  1883)  terms  to  include  the  effects  of 
the  eddy-currents.  They  have  also  been  theoretically  treated  by  H.  Lorberg 
(IVied.  Jinn.,  xx.  389,  1887).  1 
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must  be  normal.     It  will  then  contain,  or  be  parallel  to,  the 
other  two  directions. 


Motion parellel      I      noimal      i      parallel 

Mngnelic  lines      parallel      |      pandlel      i      panU1«1 

Induced  Eleclromalive-foroe  normal      i      parallel  normal 


It  will  be  noticed  that  the  lamination  for  the  polar  masses 
is  the  same  as  for  the  core ;  so  that  the  polar  masses  are 
virtually  continuations  of  the  core-disks. 

The  necessity  for  dividing  the  cores  of  drum  armatures 
and  of  ring  armatures  (if  cylindrical,  not  discoidal)  into  core- 
disks,  may  be  illustrated  as  follows  : — In  any  conductor  rising 


in  the  left-hand  gap-space  there  will  be  generated  an  electro- 
motive-force tending  from  back  to  front  Hence  if  the  core 
were  of  solid  iron,  a  current  would  flow  forwards  along  the 
outer  part  of  the  core  on  the  left,  and  back  along  the  outer 
surface  on  the  right.  Division  of  the  core  into  disks  will 
obviously  minimize  such  currents.  It  will  not,  however, 
entirely   eliminate    them,    for    as    Fig.    I2i    shows    in    the 
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sectional  view  of  the  core-disks,  it  is  possible  for  eddy- 
currents  to  flow  in  the  substance  of  these.  As  a  matter  of 
fact  it  is  found  that  if  they  are  too  thick,  or  are  not  properly 
insulated  from  one  another,  they  heat :  and  the  heating  is 
mainly  at  the  outer  surface,  where  the  eddies  are  strongest. 
As  a  general  rule  it  may  be  said  that  core-disks  should  not 
exceed  50  mils  in  thickness.  The  usual  thicknesses  at  present 
in  vogue  are  from  35  down  to  16  mils.  A  common  practice 
is  to  build  up  the  lightly-insulated  laminations  of  the  core 
into  blocks  about  an  inch  thick,  which  blocks  are  built  up 
together  with  a  thicker  layer  of  fibre  or  varnished  millboard 
interposed.  If  there  is  a  stray  magnetic  field  leaking  from 
the  flanks  of  the  polar  masses  into  the  flat  surface  of  the 
end-disks  of  the  core,  eddy-currents  will  also  be  set  up  in 
the  latter.  This  can  be  obviated  by  making  the  length  of  the 
armature  core  rather  greater  than  the  length  of  the  polar 
masses  parallel  to  the  axis. 

With  ring  armatures  that  have  an  internal  field  (see  p. 
214)  similar  eddies  will  be  set  up  in  the  driving  spindle  and  in 
the  metal  arms  that  support  the  core,  wasting  power  and 
heating  them. 

Eddy-Currents  in  Pole-Pieces. — If  the  masses  of  iron  in  the 
armature  are  so  disposed  that  as  it  rotates,  the  distribution  of 
the  lines  of  force  in  the  narrow  field  between  the  armature 
and  the  pole-piece  is  being  continually  altered,  then,  even 
though  the  total  amount  of  magnetism  of  the  field-magnet 
remains  unchanged,  eddy-currents  will  be  set  up  in  the  pole- 
piece  and  will  heat  it.  This  is  shown  by  Figs.  122  to  124,  which 
represent  the  effect  of  a  projecting  tooth,  such  as  that  of  a 
Pacinotti  ring,  in  changing  the  distribution  of  the  magnetism 
of  the  pole-piece.  Figs.  125,  126  and  127  (corresponding  re- 
spectively to  Figs.  122,  123  and  124)  show  the  eddy-currents, 
grouped  in  pairs  of  vortices.  The  strongest  current  flows 
between  the  vortices  and  is  situated  just  below  the  projecting 
tooth,  where  the  magnetism  is  most  intense  ;  it  moves  onward 
following  the  tooth.  Fig.  127  shows  what  occurs  during  the 
final  retreat  of  the  tooth  from  the  pole-piece.  These  eddy- 
currents  penetrate  into  the  interior  of  the  iron,  although  to  no 
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great  depth.  Clearly  the  greatest  amount  of  such  eddy-currents 
will  be  generated  at  that  part  of  the  pole-piece  where  the 
magnetic  perturbations  are  greatest  and  most  sudden.   A  glance 


Fig.  122.  Fig.  123.  Fig.  124. 

Alteration  of  Magnktic  Field  due  to  Movement  of  Mass  of  Iron 

IN  Armature. 

at  Figs.  125,  126  and  127  will  at  once  tell  us  that  this  should 
be  at  the  "  forward  "  comer  or  "  horn  "  of  the  pole-piece  of  the 
generating  dynamo.     As  a  matter  of  fact,  when  any  dynamo 


Fig.  125.  Fig.  126.  Fig.  127. 

Eddy-Currents  induced  in  Pole-Pieces  by  Movement  of  Masses 

OF  Iron, 

which  has  homed  pole-pieces  (such  as  the  Gramme)  has  been 
running^for  some  time  as  a  generator  this  is  found  to  be  the 
case.     The  "  forward  "  horns  a  and  c  (i.  e,  those  which  point  in 
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the  direction  of  the  rotation)  are  found  to  be  hot,  whilst  the 
*'  hindward  **  horns  are  found  to  be  comparatively  cool.  When 
the  dynamo  is  used  as  a  motor,  the  reverse  is  found  to  be 
the  case :  the  "  forward  "  horns  are  cool,  the  "  hindward  "  horns 
are  hot.  A  reference  to  the  magnetic  field  of  the  motor,  as 
described  in  Chap.  XXV.,  will  explain  the  latter  case.  Closely 
connected  with  this  effect  is  another  first  pointed  out  to  the 
author  by  M.  Cabanellas.  A  Gramme  magneto-machine  with 
permanent  magnets  is  observed  to  lose  power  during  its  use 
as  a  motor ;  the  field-magnets  decrease  in  strength.  If,  then, 
it  is  used  as  a  generator,  the  field-magnets  retain  their  mag- 
netism. The  effect  is  explicable  ^  when  the  magnetizing  effect 
of  the  eddy-currents  is  taken  into  consideration. 

Drag  Of  I  Armature  Cofiductors, — ^Whenever  a  conductor 
carrying  an  electric  current  lies  in  a  magnetic  field  across  the 
magnetic  lines,  it  experiences  a  mechanical  force.  This  force 
always  tends  to  drag  the  conductor  sideways  out  of  the  field, 
and  acts  in  a  direction  at  right  angles  to  the  magnetic  lines 
and  at  right  angles  to  the  conductor  itself.  Rules  for  remem- 
bering the  relation  between  the  directions  of  the  magnetic 
lines,  the  current,  and  the  resulting  drag,  have  been  given  by 
various  writers.  The  most  convenient  rule  is  that  of  Fleming 
(compare  p.  37),  in  which  the  three  directions  are  represented 
respectively  by  the  fore-finger,  the  middle  finger,  and  the  thumb 
of  the  l^t  hand.*  Except  in  those  cases  where  the  conductors 
are  embedded  in  slots  or  holes  in  the  iron  core-disks,  the  drag 
comes  on  the  conductor  itself.  In  a  motor  it  is  this  drag  on 
the  conductors  which  drives  the  armature.  In  a  dynamo  the 
drag  acts  against  the  driving  power  of  the  steam-engine,  and 
opposes   the   rotation.      When   a   mechanical   engineer  first 

^  See  remarks  by  the  author  at  the  International  Conference  of  Electricians  at 
Philadelphia,  1884  (reported  in  EUclrkal  Review^  Dec.  13,  1884). 

'  Contrast  with  p.  37,  where  for  the  current  generated  in  a  dynamo  the  right 
hand  is  used.  Remember  that  in  a  dynamo  the  direction  of  the  current  agrees 
with  that  of  the  induced  electromotive-force,  whereas  in  a  motor  the  current  flows 
against  the  induced  electromotive-force.  Further,  in  the  dynamo  the  mechanical 
drag  acts  against  the  direction  of  motion,  whereas  in  a  motor  the  drag  produces 
the  motion  in  the  same  direction  as  itself.  Hence  the  use  of  right  hand  for 
dynamo,  left  hand  for  motor,  to  give  the  relation  between  magnetism,  current 
and  motion. 


224  Dynamo-Electric  Machinery. 

considers  a  dynamo  he  is  often  puzzled  to  understand  what 
there  is  in  it  that  necessitates  so  much  driving  power.  He 
sees  the  armature  revolving  with  ample  clearance  between  the 
polar  faces  of  the  field-magnet  The  friction  of  the  bearings 
does  not  absorb  more  than  a  minute  fraction  of  the  horse- 
power delivered  by  the  engine.  He  sees  the  brushes  pressing 
against  the  commutator,  but  knows  that  their  friction  is  also 
a  negligible  quantity ;  moreover,  he  is  soon  informed  that 
friction  has  nothing  to  do  with  the  operation  of  the  machine. 
Where  does  the  power  go  to  ?  What  is  it  that  requires  such  a 
force  to  be  continually  exerted  to  keep  up  the  rotation  ?  The 
answer  is,  that  there  is  a  continual  drag  of  the  invisible  mag- 
netic lines  on  the  conductors  through  which  the  current  is 
flowing :  that  the  generation  of  the  current  depends  on  the 
conductors  being  forced  across  the  field  that  drags  at  it.  In 
every  form  of  apparatus  generating  currents  by  magneto- 
electric  induction,  the  currents  generated  produce  a  me- 
chanical reaction  tending  to  stop  the  very  motion  that 
generates  them. 

The  drag  of  a  magnetic  field  upon  a  conductor  that  carries 
a  current  may  be  considered  from  the  magnetic  point  of  view. 
As  pointed  out  on  p.  41,  above,  such  a  conductor  is  surrounded 
by  a  whirl  of  magnetic  lines.  Around  a  long  straight  con- 
ducting wire  not  placed  in  any  magnetic  field,  these  magnetic 
lines  form  a  system  of  concentric  circles  (see  Fig.  18,  p.  41) 
which  are  close  together  near  the  conductor,  and  wider  apart 
at  a  distance  away,  resembling  Fig.  128  in  general  disposition. 

If  the  current  is  coming  towards  the  observer,  or  «/,  in 
the  figure  which  shows  a  cross-section  of  the  conductor,  the 
positive  direction  along  the  magnetic  lines  will  be  counter- 
clock-wise.  If  now  such  a  conductor  be  placed  in  a  uniform 
magnetic  field — one,  for  example,  between  a  large  north 
magnetic  pole  on  the  right  and  a  south  magnetic  pole  on  the 
left,  a  compound  field  will  be  produced,  due  to  the  blending 
of  the  magnetic  lines  of  the  current  with  those  of  the  field. 
In  considering  this  distorted  magnetic  field  it  should  be 
remembered  that  the  mechanical  actions  that  result  may 
always  be  known  by  supposing  the  magnetic  lines  to  act  as 
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elastic  cords  tending 
to  shorten  themselves. 
There  is  in  fact  a 
tension  along  the 
magnetic  lines  and 
a  pressure  at  right 
angles  to  them,  both 
proportional  at  every 
point  to  the  square 
of  their  density.  A 
mere  inspection  of 
the  lines  of  Fig.  129 
will  accordingly  show 
that  there  will  be  a 
resultant  drag  upon 
the  conductor  in  the 
direction  shown  by 
the  dotted  arrow. 

The  actual  mag- 
netic field  produced 
around  a  conducting 
wire  in  a  gap  between 
two  poles,  as  revealed 
by  iron  filings,  is 
shown  in  Fig.  130, 
We  may  consider  this 
as  approximately  re- 
presenting that  which 
goes  on  in  a  dynamo, 
or  in  a  motor,  in  each 
of  the  gap-spaces 
between  the  armature 
core  and  the  adjacent 
polar  face.  Each 
conductor  in  the 
gap  will  be  similarly 
dragged  by  a  force 
proportional    to     the 


F[C.  I J9.— Magnetic  Lines  due  to 
Conductor  Carrying  Current 
PLACED  IN  Magnetic  Field. 
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intensity  of  the  magnetic  field  and  to  the  strength  of  the 
current. 

Effect  of  Embedding  Annature  Conductors. — If  the  con- 
ductors are  embedded  in  slots  or  holes  in  the  core^isks  (see 
Figs.  131  and  279)  the  drag  then  comes  not  upon  the  copper 
conductors,  but  upon  the  iron  ;  the  magnetic  field  between  the 
core-disk  and  the  pole-faces  being  distorted  by  the  current  in 
the  embedded  conductors.  In  fact  the  conductor  no  longer 
lies  in  a  strong  magnetic  field  ;  the  magnetic  lines  being 
carried   past   it   on  either  side,  very  few  going  through  it. 


FlG.  130. — Actual  Magnetic  Field  around  Fig.  131.  —  Magnetic 

Conducting  Wire  in  Magnetic  Gap.  Field  of  Slotted 

Armature. 

Fig.  131  may  assist  the  understanding  of  this  point  It  seems 
paradoxical  that  though  the  conductor  so  embedded  is  pro- 
tected from  mechanical  drag,  and  from  eddy<urrents,  owing 
to  its  not  being  in  the  field,  nevertheless  in  its  revolution  it 
still  cuts  all  the  magnetic  lines  precisely  as  if  it  were  not  pro- 
tected. The  effect  is  as  though  the  magnetic  lines  flashed 
across  the  slots  from  tooth  to  tooth,  instead  of  passing  across 
the  intermediate  slot  at  the  ordinary  angular  velocity.  In 
addition  to  the  advantages  already  mentioned  as  possessed  by 
these  forms  of  construction,  they  have  also  the  very  important 
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one  of  reducing  the  breadth  of  the  magnetic  gap  to  a  mere 
clearance.  Some  experiments  on  the  drag  on  embedded  con- 
ductors, by  Mr.  Mordey,  are  described  in  Journ,  Inst  Electr. 
Engineers^  xxvi.  p.  564.  1 897.  For  a  further  discussion  of 
the  mechanical  stresses  in  slotted  armatures  see  a  paper  by 
Mr.  P.  M.  Heldt  in  the  Electrical  World  and  Engineer^ 
vol.  xxxiii.  p.  699,  1899. 

Torque  and  Speed. — Engineers  recognize  that  power,  being 
the  rate  of  doing  work,  can  always  be  expressed  as  the  product 
of  two  factors.  In  the  case  of  rectilinear  motion,  the  power 
may  be  expressed  as  the  product  of  force  and  speed.  For 
example,  if  the  force  pulling  along  a  belt^  be  equal  to  the 
weight  of  66  lb.,  and  the  belt-speed  be  200D  feet  per  minute, 
the  amount  of  power  it  is  delivering  is  132,000  foot-pounds 
per  minute,  or  4  horse-power. 

But  the  power  may  be  equally  well  expressed  in  terms  of 
angular  force  {i.e,  torque)  and  angular  speed ;  and  these 
quantities  are  more  convenient  in  the  case  of  power  trans- 
mitted along  a  rotating  shaft 

The  useful  term  torqiu^  now  generally  accepted  by  engineers,  was 
originally  suggested  by  the  late  Professor  James  Thomson.  It  is  the 
same  thing  as  that  w^hich  has  gone  by  the  names  of  "turning 
moment,"  "moment  of  couple,"  "axial  couple,"  "angular  force," 
"  axial  force,"  in  German  by  that  of  "  Zugkraft,"  and  in  French  by 
those  of  "effort  statique,"  and  "couple  m6canique."  Torque  is 
preferable  in  many  ways  to  any  of  the  older  terms.  Just  as  the 
Newtonian  definition  oi  force  is  that  which  produces  or  tends  to 
produce  motion  (along  a  line),  so  torque  may  be  defined  as  that  which 
produces  or  tends  to  produces  torsion  (around  an  axis).  It  is  better 
to  use  a  term  which  treats  this  action  as  a  single  definite  entity  than 
to  use  terms  like  "  couple "  and  "  moment,"  which  suggest  more 
complex  ideas.  The  single  notion  of  a  twist  applied  to  tum  a  shaft 
is  better  than  the  more  complex  notion  of  applying  a  linear  force  (or 
pair  of  forces)  with  a  certain  leverage. 

For  torque  we  shall  use  the  symbol  T.     If  force  /  acts 

*  Or  more  precisely,  the  difference  between  the  forces  in  the  tight  and  slack 
parts. 

Q  2 


228  ♦    Dynamo- Electric  Machinery. 

with  leverage  (/>.  radius)  r,  the  torque  is  equal -to/  X  r.  If 
the  force  is  in  pounds*  weight  and  radius  in  feet,  the  torque 
will  be  expressed  in  pound-feet  ;  i.e.  in  terms  of  the  number 
of  pounds  which,  acting  with  a  leverage  of  one  foot,  would 
produce  an  equal  tendency  to  turn.  If  force  is  given  in  dynes 
and  radius  in  centimetres,  the,  torque  will  be  expressed  in 
dyne-centimetres. 

In  order  to  bring— 

d3me-centimetres  to  gramme-centimetres,  divide  bj  981 

dyne-centimetres  to  metre-kilogrammes,  divide  by  981  X  lo* 

djme-centimelres  to  pound-feet,  divide  by  13*59  X  lO* 

pound-feet  to  metre-kilogrammes,  divide  by  7*23 

Angular  speed  is  commonly  expressed  by  engineers  in 
terms  of  the  number  of  revolutions  per  minute,  or,  sometimes 
of  revolutions  per  second.  The  scientific  mode  is  to  express 
it  in  radians  per  second,  (The  radian  is  that  angle  whose  arc 
equals  the  radius  ;  so  that  2  ir  radians  equal  one  revolution  or 
360°).  The  symbol  for  angular  speed  is  eo,  so  that  if  n 
represents  the  revolutions  per  second,  ©  =  2  tt  «. 

In  order  to  bring — 

revolutions  per  minute  to  revolutions  per  second,  divide  by  60 
revolutions  per  second  to  radians  per  second,  divide  by  2  v 
revolutions  per  minute   to   radians  per  second,  divide  by  9*55 

radians  per  second  to   revolutions  per  minute    multiply  by  9*55 

We  have  then  the  following  relations  between  linear  force/, 
linear  speed  v,  torque  T,  angular  velocity  o),  radius  r,  revolu- 
tions per  second  n,  and  power  w. 

The  power  w  will  be  expressed  in  ergs  per  second^  if  v  is 
given  in  centimetres  per  second  and  /  in  dynes ;  or  if  T  is 
given  in  dyne-centimetres.  If  T  is  in  pound-feet,  w  will  be 
expressed  in  foot-pounds  per  second. 
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In  order  to  bring — 

ergs  per  second  to  watts,  divide  by  lo' 

ergs  per  second  to  kilogramme  metres  per  second,   divide  by  9*81  x  10' 

ergs  per  second  to  foot-pounds  per  second,  divide  by  f  *  356  X  10' 

ergs  per  second  to  horse-power,  divide  by  746  x  10' 

watts  to  horse-power,  divide  by  746 

watts  to  chevaux-vapeur,  divide  by  736 

watts  -  to  foot- pounds  per  second  divide  by  1*356 

watts  to  kilowatts,  divide  by  looo 

kilowatts  to  horse-power,  multiply  by  1*345 

Output  of  Dynamos  and  Motors. — A  good  dynamo  will 
convert  over  90  per  cent,  of  the  mechanical  power  supplied  to 
it  into  electric  power.  Similarly  a  good  motor  will  convert 
over  90  per  cent,  of  the  electric  power  supplied  to  it  into 
mechanical  power.  Both  mechanical  power  and  electric 
power  may  be  expressed  in  terms  of  the  same  units,  either  in 
liorse-power  or  in  watts,  or  in  kilowatts. 

Approximate  calculations  of  the  horse-power  required  for  a 
dynamo  of  any  prescribed  output  are  readily  made.  Multi- 
plying the  number  of  amperes  C  of  current  which  the  dynamo 
is  to  yield,  by  the  number  of  volts  V  of  pressure  at  which  the 
current  is  supplied,  gives  the  output  in  watts.  Dividing  by 
746  gives  the  corresponding  electric  horse-poweir,  which  will 
be  about  90  per  cent,  of  the  mechanical  horse-power  to  be 
supplied  to  the  shaft  of  the  dynamo. 

Example :  A  dynamo  is  required  to  furnish  300  amperes  (to  light 
600  glow  lamps)  at  a  pressure  of  105  volts.  Output  is  31,500  watts 
=  42*2  horse-power  (electrical).  Therefore  allow  46*9,  or  say  50 
(mechanical)  horse-power. 

In  the  converse  way  we  may  calculate  the  requisite  supply 
of  electric  power  to  a  motor. 

Example:  A  motor  is  required  to  give  an  actual  output  of  5  horse- 
power. Multiplying  by  746,  we  find  it  must  give  out  3730  watts  as 
mechanical  power ;  which  will  be  about  90  per  cent,  of  the  electrical 
power  supplied  to  it.  This  will  therefore  need  to  be  about  4144  watts. 
If  the  supply  is  from  mains  that  are  at  a  pressure  of  200  volts,  the 
current  required  will  consequently  be  a  little  over  2 1  amperes. 
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Relation  between  Torque  and  Current, — Since  the  electric 
power  given  out  by  the  armature  of  a  dynamo  is  the  product 
of  two  factors — volts  and  amperes — and  the  mechanical 
power  supplied  to  it  by  the  rotating  shaft  is  also  the  product 
of  two  factors — speed  and  torque — it  becomes  a  matter  of 
some  interest  to  ascertain  whether  there  is  any  direct  relation 
between  the  factors  themselves.  Let  E  stand  for  the  volts 
generated  in  the  armature,  and  C^  for  the  amperes  flowing 
through  it.  We  may  then  equate  the  two  separate  ex- 
pressions for  the  number  of  watts  of  power  supplied  to  and 
furnished  by  that  armature  as  follows  : — 

watts  =  E  C^  X  2  TT ;/  T  X  i  * 356  ; 

where  T  is  given  in  pound- feet ;  ;/  in  revolutions  per  second  ; 
E  the  whole  volts  generated  by  the  armature  ;  and  C  = 
whole  amperes  flowing  through  the  armature.  But  E  is  pro- 
portional to  the  speed  if  the  magnetism  is  constant,  the 
fundamental  expression  for  it  being  (see  pp.  281  and  282)  for 
an  ordinary  ring-wound  or  lap-wound  machine, 

E  =  «  Z  N  -T-  ic« ; 

where  Z  is  the  number  of  conductors  around  the  armature, 
and  N  the  magnetic  flux  entering  from  one  pole.  Inserting 
this  value  for  E,  and  cancelling  n  from  both  sides,  we  get : 

ZNC  ^     ^ 

1*356  X  10® 

whence 

T  (in  pound-feet V  =— "    ^  ; 

^     ^  ^        8  52  X  10^ 

which  may  also  be  written  : 

T  (in  pound-feet)  =  c  1175  C^  Z  N  -r-io®.    .     [i] 

From  this  it  appears  that  if  in  a  given  machine  the 
magnetism  is  constant,  the  torque  depends  in  no  wise  upon 

'  If  T  is  desired  in  metre-kilogrammes,  the  divisor  on  the  left  must  be  replaced 
by  the  value  61 '5  X  lo*. 
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the  speed,  but  only  upon  the  current  flowing  through  the 
armature,  and  on  the  magnetism.  If,  for  brevity,  we  write 
M  =  Z  N  -r-  I0^  the  formula  becomes 

T  (in  pound-feet)  =  O'  1 175  C^M,    .      .     [2] 

which  is  the  fundamental  formula  for  all  motor  work. 

These  expressions  apply  equally  to  dynamos  and  to 
motors.  They  show  that  if  it  is  desired  to  build  slow-speed 
machines  provision  must  be  made  for  a  very  large  magnetic 
flux ;  for  only  by  making  the  product  of  Z  and  N  large  can 
the  dynamo  at  slow  speed  yield  the  requisite  vOlts,  or  the 
motor  exert  the  needful  torque. 

A  number  of  curves,  called  mechanical  characteristics,  giving 
the  relations  between  speed  and  torque  in  a  number  of 
different  cases,  will  be  found  in  Chapter  XXV. 

Drag  on  Armature  Conductors. — We  are  now  in  a  position 
to  understand  the  drag  on  the  armature.  Setting  aside  for 
the  moment  the  case  of  embedded  conductors,  we  may  at 
once  proceed  to  calculate  the  amount  of  such  drag.  There 
are  three  methods  of  doing  this  :  two  being  electrical  and  one 
a  purely  mechanical  calculation. 

Method  I. — By  the  last  formula  the  torque  is  calculated  ; 
and  from  this  the  total  peripheral  force  is  found  by  dividing 
by  the  known  radius  of  the  armature.  Hence  the  force 
per  conductor  is  obtained  by  dividing  the  number  of  active 
conductors. 

Example  in  the  Edison-Hopkinson  dynamo  (Fig.  12),  0^  =  326; 
Z  =  80;  N  =  10,850,000;  radius  =  0*458  feet;  whence  T  =  332 
pound-feet,  and  total  peripheral  force  =  724*7  lb.  This  would  give 
about  9  lb.  average  force  per  conductor  if  all  were  active ;  but  only 
about  58  of  them  are  in  the  magnetic  field  at  one  time  ;  hence,  the 
average  force  per  conductor  is  about  22.^  lb.  If  the  magnetic  field 
in  the  gap-spaces  is  not  uniform  there  comes  a  stronger  drag  on 
those  conductors  which  lie  in  the  densest  field. 

Method  II. — The  drag  on  a  conductor  of  length  /,  in  a 
magnetic  field  of  intensity  H,  carrying  current  of  C  amperes,  is 

/  (dynes)  =  C  /  H  -i-  10.      .     .      .     [3] 
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This  formula*  is  only  applicable  if  H,  the  density  of  the  field 
in  the  gap-space,  is  known.  If/"  and  H^^  are  given  in  inch 
measures  (see  p.  78),  the  formula  becomes 

/  (lbs.)  =  X  /"  H,  ^  1 1,303.000.      .      .     [4] 

Example^  as  before :  Current  in  any  one  conductor  will  be  J  Ca  = 
163  amperes;  /"  =  20",  and  H„  =  about  43,300  lines  per  square 
inch,  the  area  of  the  gap-space  being  about  250  square  inches. 
Whence  drag  on  each  conductor  =  12  '49  lbs. 

Method  III. — Ascertain  actual  horse-power  on  armature ; 
multiply  by  33,000  to  reduce  to  foot-pounds  per  minute,  and 
divide  by  the  peripheral  speed  (in  feet  per  minute).  [The 
horse-power  may  be  reckoned  from  the  electrical  output  as 
on  p.  229.]  Then  divide  by  the  number  of  active  conductors. 
Or,  in  symbols, 

/(lbs.  average  drag  per  conductor)  =  - — -— r— — ^ . 

ft.  per  mm.  x  Z 

Example^  same  as  before  :  Since  4  =  326,  and  E  =  108*5  volts,. 
H.P.  =  326  X  108 '5  -T-  746  =  47*45.  Also  periphery  =  2ir=radius 
=  288  feet.  This,  at  750  revs,  per  minute,  gives  2158  feet  per 
minute  as  peripheral  speed.  Assuming  fifty-eight  conductors  to  be 
active,  we  get 

av.  force  on  each  conductor  =  ^L~^^-—  ^3'^^  =12-5  pounds. 

2158x58  ^^ 

A  convenient  approximate  rule  may  be  given  as  follows  : — 
If  we  assume,  as  a  sort  of  rough  average  for  the  magnetic- 
field  in  the  gap-space  of  a  dynamo  or  motor,  the  value  of 
40,000  lines  to  the  square  inch,  or  say  6300  lines  per  square 
centimetre,  then  tlie  drag  per  inch  of  conductor  will  be  0*00354 
pound  for  each  ampere  of  airrent  carried.  In  alternate-current 
dynamos  the  intensity  of  the  field  is  seldom  as  great  as  this. 

Such,  then,  is  the  drag  that  magnetic  fields  exert  upon 
non-embedded  armature  conductors  ;  and,  it  must  be  remem- 
bered that  the  drag  is  not  a  steady  one.     When  the  conductor 

*  To  givey  in  kilogrammes,  the  divisor  10  must  be  replaced  by  9,810,00a 
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emerges  from  the  gap-space,  though  there  is  still  a  current  in 
it,  the  magnetic  drag  is  taken  off.  Twice,  therefore,  in  each 
revolution  this  drag  is  suddenly  removed  and  suddenly  put  on 
again,  increasing  the  raking  action.  In  the  case  of  alternate- 
current  machines,  where  the  relation  of  phase  between  the 
currents  and  the  magnetic  fields  complicates  the  matter,  the 
drag  is  not  simply  taken  off  and  put  on  twice  in  each  complete 
period,  but  is  actually  reversed  ;  the  armature  conductors 
being  driven  with  a  back  drag  on  them,  then  experience  a 
forward  drag  and  tend  to  drive,  then  once  more  are  driven, 
and  asfain  tend  to  drive  as  the  current  reverses.  In.  the  alter- 
nate  current  machine  acting  as  generator  the  intermediate 
forward  drags  are  slight  and  of  short  duration  ;  in  the  machine 
acting  as  motor  it  is  the  backward  drags  that  are  of  short 
duration. 

If  the  conductors  are  sunk  in  slots,  the  drag,  as  pointed 
out  on  p.  226,  comes  upon  the  iron  teeth  instead  of  the 
copper ;  unless,  indeed,  the  teeth  are  very  highly  saturated 
magnetically,  in  which  case  there  will  be  a  measurable  drag 
also  on  the  copper  conductors. 

Need  of  Driving  Horns, — It  is  then  obvious  that  under 
the  mechanical  conditions  now  described,  if  the  conductors 
are  not  embedded  in  slots  between  teeth  on  the  core  disks 
there  is  need  of  a  good  positive  method  of  conveying  the 
driving  power  to  them  from  the  shaft.  In  the  dynamo  it  is 
they  that  need  to  be  driven.  In  the  motor,  it  is  they  that 
drive  the  shaft.  The  question  of  construction  is  complicated 
by  the  consideration  that  whilst  the  copper  conductors  must  be 
mechanically  connected  to  the  shaft  in  the  most  positive  way, 
they  must  not  be  metallically  connected,  but  on  the  contrary, 
must  be  insulated  therefrom.  Different  constructors  adopt 
different  modes  of  accomplishing  the  end  in  view.  Compare 
the  practical  modes  adopted  by  modern  makers  described  in 
Chapter  XIV. 

Stray  Power. — In  the  preceding  paragraphs  it  has  been 
assumed  that  the  mechanical  power  applied  at  t/te  shaft  to 
drive  the  armature  was  equal  to  the  electrical  power  actually 
generated  in  the  armature.     The  power  to  be  applied  at  the 
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pulley  is,  however,  always  greater  than  this  ;  for,  in  the  first 
place,  some  of  the  applied  power  is  lost  by  friction  in  the 
bearings,  &c.,  and  never  reaches  the  armature.  But  of  that 
which  actually  reaches  the  armature,  not  all  is  actually 
converted  into  electrical  power.  There  are,  beside  the  friction 
at  the  bearings  and  brushes,  three  sources  of  loss,  viz. :  (i)  air- 
friction,  (2)  hysteresis,  (3)  eddy-currents.  The  first  of  these 
is  insignificant,  except  in  those  cases  where  curved  spokes  are 
employed  with  the  object  of  making  the  armature  act  as  a 
fan,  and  even  then  is  small.  The  second  is  by  no  means 
negligible,  but  seldom  adds  more  than  i  or  2  per  cent,  to 
the  driving  power.  The  third  is  the  most  important  of  all, 
especially  in  large  machines.  In  all  the  moving  metal 
masses,  unless  laminated,  there  will  be  eddy-currents  set  up  if 
they  cut  magnetic  lines.  Even  in  the  metal  of  the  shaft 
power  may  be  lost  from  this  cause  if  there  is  leakage  of 
magnetic  lines  into  it.  The  mode  of  investigating  the  sepa- 
rate sources  of  loss  is  described  in  Chapter  XXVII.,  on  the 
Testing  of  Dynamos  and  Motors.  Whatever  these  losses,  it 
is  evident  that  they  all  call  upon  the  supply  of  power:  for  the 
power  supplied  is  necessarily  equal  to  the  sum  of  the  power 
actually  converted  in  the  armature  into  electric  power,  and 
the  stray  power  wasted  in  the  ways  enumerated. 

Need  of  Poiverful  Field- Magnets, — It  has  been  stated  on 
p.  230,  that  the  output  of  a  machine  at  a  given  speed  is 
proportional  to  the  product  of  Z  and  N,  But,  for  a  given 
current,  the  reaction  of  the  armature  that  gives  rise  to  spark- 
troubles  is  proportional  to  Z.  To  keep  down  armature- 
reactions  it  is  then  advisable  that  Z  should  be  kept  small,  and 
therefore  it  follows  that  N  must  be  kept  large.  In  other 
words,  the  machine  must  be  designed  to  have  large  and 
strongly  magnetized  field-magnets. 
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CHAPTER  X. 

COMMUTATION  ;  CONDITIONS  OF  SUPPRESSION  OF  SPARKING. 

Since,  as  we  have  seen,  the  movement  of  the  armature  coils 
past  the  magnet  poles  necessarily  generates  alternating  cur- 
rents, the  commutator^  which  will  commute  these  into  one 
direction,  becomes  a  necessary  part  of  all  continuous-current 
machines.  The  act  of  commutation  needs  very  special  study. 
If  it  is  incorrectly  performed  by  any  continuous-current 
machine,  whether  generator,  motor,  or  converter,  the  imperfec- 
tion at  once  makes  itself  shown  by  the  sparks  which  appear 
between  the  commutator  and  the  brushes.  This  sparking  is 
intimately  connected  with  the  various  reactions  of  the  arma- 
ture, and  must  be  discussed  thoroughly. 

Cause  of  Sparking, — The  sparks  which  appear  at  the 
commutator  under  conditions  of  faulty  design  or  adjustment 
are  observed  just  under  the  tips  of  the  brushes.  If  a  new 
commutator,  or  one  that  has  recently  had  its  surface  renewed 
in  the  lathe,  be  examined  after  sparking  has  taken  place,  it 
will  be  noticed  that  the  edges  of  many  or  all  of  the  com- 
mutator segments  will  appear  as  if  burned.  But  the  burnt 
appearance  will  always  be — no  matter  whether  in  generator 
or  motor — at  the  edge  of  the  segment  which  was  the  last  to 
touch  the  brush  ;  the  advancing  edge  in  the  direction  of  the 
rotation  will  not  show  signs  of  burning.  This  proves  that  the 
spark  that  produces  the  damage  occurs  just  as  the  copper 
segment,  after  passing  under  the  brush,  parts  from  contact 
with  it  The  cause  of  sparking  is  not  difficult  to  show.  All 
the  conductors  in  the  armature  have  their  currents  reversed 
and  re-reversed  at  every  revolution.  In  bipolar  machines  the 
reversal  occurs  twice  in  each  revolution.  In  multipolar 
machines  more  than  twice.   In  the  case  illustrated  in  Fig.  Ii6 
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the  current  flows  toward  the  spectator  in  all  the  conductors  as 
they  rise  on  the  left  side,  but  flows  from  the  spectator  in  them 
as  they  descend  on  the  right.  Reversal  occurs  at  the  moment 
when  the  conductor,  or  the  section  of  which  it  forms  part, 
passes  the  brush  or  undergoes  commutation.  The  production 
or  non-production  of  sparks  depends  on  the  conditions  under 
which  the  commutation  or  reversal  of  current  takes  place,  and  is 
a  consequence  of  the  property  of  self-induction — the  property 
in  virtue  of  which  (owing  to  the  current  in  a  conductor  setting 
up  a  magnetic  field  of  its  own  in  the  surrounding  space) 
it  is  impossible  instantaneously  to  start,  stop,  or  reverse  a 
current. 

The  Act  of  Commutation, — Consider  the  standard  case  of 
a  ring  armature  construction  in  sections,  each  section  consisting 
of  one  or  two  turns  of  conductor.  The  currents  will  be  reversed 
successively  in  the  separate  sections,  one  section  at  a  time,  as 
they  come  up  to  the  neutral  points  ;  or  rather  two  at  a  time  if 
commutation  goes  on  simultaneously  at  each  of  the  brushes. 
Half  the  currents  flows  up  the  coils  on  the  left-hand  half  of 
the  ring,  and  the  other  half  of  the  current  flows  up  the  coils  on 
the  right-hand  half.  If  the  positive  brush  is  at  or  near  the  top, 
as  in  Fig.  132,  the  current  flows  from  left  to  right  through  the 
sections  X  and  W  on  the  left  of  the  brush,  and  from  right  to 
left  through  the  sections  T  and  U  on  the  right  of  the  brush. 
Now  as  the  armature  turns  the  bars  of  the  commutator  come 
successively  into  contact  with  the  brush.  In  Fig.  132  the  bars 
<:  and  rfhave  already  passed  the  brush;  e  is  just  leaving  it, 
and/* is  just  beginning  to  pass  under  it.  For  a  brief  moment 
the  brush  rests  on  two  adjacent  bars  e  and/,  and  thus  short* 
circuits  the  section  V  for  an  instant.  The  duration  will 
obviously  depend  on  the  speed  of  rotation,  on  the  breadth  of 
the  insulating  film  between  the  commutator  bars,  and  on  the 
breadth  of  the  contact  surface  of  the  brush.  Now  the  section 
V  a  moment  previously  belonged  to  the  left-hand  half  of  the 
ring,  and  when  it  has  passed  the  brush,  that  is  to  say,  when  e 
ceases  to  touch  the  brush,  it  will  belong  to  the  right-hand  half 
of  the  ring.  It  is  clear  then  that  in  the  act  of  passing  the 
brush  the  current  that  was  flowing  in  the  section  V  will  be 
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stopped,  and  then  started  again  in  the  opposite  direction 
through  its  coils.  Every  section  of  the  armature  as  it  passes 
the  brush  will  similarly  be  transferred  from  one  half  of  the 
ring  to  the  other,  and  will  have  its  current  reversed.  This  is 
in  fact  the  act  of  commutation.  Now  suppose  it  were  arranged 
that  the  act  of  commutation  should  occur  exactly  at  the  point 
when  the  coils  of  the  section  are  not  cutting  any  magnetic 
lines  whatsoever :  so  that  while  the  coil  is  short-circuited  it 


shall  not  be  the  seat  of  any  induced  electromotive-force. 
Then  the  current  in  it  will  die  out,  and  as  it  emerges  from 
under  the  brush  it  will  be  thrown  as  a  perfectly  idle  coil  upon 
the  right-hand  half  of  the  ring,  in  which  a  current  is  flowing 
toward  the  brush.  Just  before  the  bar  e  parts  company  from 
the  brush,  the  current  coming  up  through  J"  and  y,  is  flowing 
through  e  to  the  brush  :  but  as  e  moves  away  this  current  has 
suddenly  to  go  also  round  the  coils  of  V.  But  because 
of  self-induction   the   cuiTcnt    cannot   instantly   rise   to    its 
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full   strength  in  the  idle  coil  V,  hence  before  V  really  gets 
to  work,  the  current  sparks  across  between  e  and  the  brush. 

Tfieory  of  the  Reversing  Field, — We  have  here  supposed  V 
to  be  a  perfectly  idle  coil :  now  suppose  that  it  is  not  idle  but  is 
actually  still  cutting  magnetic  lines,  as  would  be  the  case  if  the 
brush,  instead  of  being  shifted  forward  to  the  neutral  line  n  n\ 
had  been  given  a  backward  lead  further  to  the  left  Then 
it  is  clear  that  during  the  moment  of  short-circuiting  there 
will  be  an  electromotive-force  acting  in  the  coil  as  it  passes 
the  brush.  Such  an  electromotive-force,  even  though  small, 
may  produce  momentarily  a  large  current,  because  the  short- 
circuited  resistance  is  so  small.  Hence  the  sparking  will  be 
worse  than  if  the  coil  was  absolutely  idle. 

Now  suppose  that  the  brush  is  shifted  just  so  far  the  ot^er 
way,  in  the  direction  of  the  rotation,^  that  as  the  coil  passes  the 
brush  it  is  beginning  to  enter  the  fringe  of  the  magnetic  field 
on  the  right.  In  that  case  it  will  be  beginning  to  cut  the 
magnetic  lines  in  such  a  way  as  to  tend  to  set  up  a  current  in 
the  reverse  direction  through  it.  The  ideal  arrangement  is 
attained  if  the  brushes  be  shifted  just  so  far  beyond  the  point 
of  maximum  electromotive-force  that  while  the  sections  pass 
under  the  brush  and  are  short-circuited  they  should  actually 
have  a  small  reverse  electromotive-force  induced  in  them  ; 
and  this  action  should  last  just  so  long  in  each  successive 
section  as  to  stop  the  current  that  was  circulating,  start  a^ 
current  in  an  opposite  direction,  and  let  it  grow  exactly  equal 
in  strength  to  that  which  is  circulating  in  the  other  half  of  the 
armature,  which  it  is  then  ready  to  join.  If  this  set  of  con- 
ditions could  be  attained  there  should  be  no  sparks.  A 
magnetic  field  of  the  proper  intensity  to  cause  reversal  in  the 
commutating  section  of  the  winding  can  usually  be  found  just 
outside  the  tip  of  the  pole-piece,  for  here  the  fringe  of 
magnetic  lines  presents  a  density  which  increases  very 
rapidly.  Since  a  more  intense  field  is  needed  to  reverse 
large  currents  than  is  required  for  small  ones,  it  follows  that 

*  In  the  case  of  a  motor,  which  is  separately  considered  in  Chap.  XXV.,  the 
brushes  must  be  shifted  in  the  opposite  direction  to  the  rotation  ;  /'.  e.  there  must  be 
a  negative  lead. 
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the  angle  of  lead  that  must  be  given  to  the  brushes  will  be 
slightly  greater  for  large  currents  than  for  small  ones.  Time 
must  be  allowed  for  reversal,  hence  the  brushes  must  not  be 
so  thin  as  merely  to  bridge  the  width  of  the  insulation. 
Sparking  can  indeed  sometimes  be  cured  by  merely  using 
thicker  brushes  which  prolong  the  time  during  which  the 
section  is  short-circuited 

If  the  brushes  are  too  thin,  or  are  not  rocked  sufficiently 
far  for>vard,  there  will  be  free  sparking.  If  they  are  shifted 
beyond  the  neutral  points,  the  sparking  is  in  general  less. 
That  is  to  say  there  is  usually  much  sparking  when  the  lead 
is  too  little ;  a  little  sparking  when  the  lead  is  too  great  ; 
and  no  sparking  when  the  lead  is  right.  When  the  lead  is 
greater  than  is  necessary  there  is  a  waste  of  energy  due  to 
the  generation  in  the  short-circuited  coil  of  a  larger  reverse 
current  than  is  necessary.  Moreover,  as  the  lead  is  increased 
beyond  the  neutral  point,  all  the  coils  that  lie  in  the  region 
between  the  neutral  point  and  the  diameter  of  commutation 
are  exerting  counter-electromotive  forces,  and  the  potential  of 
the  brushes  falls  from  its  maximum. 

Commuting  with  Brushes  in  a  fixed  position, — The  explan- 
ation given  above  as  to  what  happens  during  commutation 
must  only  be  regarded  as  the  broad  idea.  Modern  machines, 
both  generators  and  motors,  are  invariably  operated  sparklessly 
at  all  loads  with  fixed  brushes,  these  being  set  at  the  average 
load.  Npw  we  have  seen  that  the  condition  for  sparkless  run- 
ning is  that  the  current  in  the  short-circuited  coil  must  be 
reversed,  that  is,  reduced  to  zero,  and  then  increased  in  the 
opposite  direction  up  to  the  same  value  as  it  bad  prior  to  the 
coil  being  short-circuited.  We  saw  that  this  condition  was  at- 
tained by  performing  the  commutating  operation  in  a  suitable 
reversing  field  whose  value  depends  upon  the  amount  of  the  cur- 
rent to  be  commuted.  But  obviously,  if  the  brushes  are  to 
remain  in  a  fixed  position,  this  condition  will  only  be  realised  at 
the  particular  load  for  which  the  brushes  are  set.  For  example, 
let  us  suppose  that  such  a  position  was  found  for  the  brushes 
that  the  machine  ran  quite  sparklessly  at  three-quarter  load.  At 
one-qi^arter  load,  a  smaller  reversing  field  is  required  properly  to 
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commute  the  current  in  the  short-circuited  coils,  and  conse- 
quently there  will  be  an  excess  of  reversing  electromotive-force 
over  that  required  to  reverse  and  build  up  the  current  again 
unless  the  brushes  are  shifted  back  so  that  commutation  may  be 
performed  in  a  weaker  field.  In  the  same  way,  at  full  or  over- 
load, we  require  a  stronger  reversing  electromotive-force  to 
commute  the  current,  which  certainly  cannot  be  provided  by  the 
reversing  field  available,  and  which  is  moreover  less  than  before 
on  account  of  increased  distortion.  Briefly  then,  we  see  that 
with  the  brushes  set  in  an  average  position,  the  reversing  field 
is  correct  for  the  load  corresponding  to  this  position,but  wrong 
for  every  other  load,  being  stronger  when  it  should  be  weaker 
and  vice  versa.  It  becomes  clear  then  that  in  order  to  explain 
what  happens  during  sparklcss  (or  practically  sparkless)  col- 
lection, with  fixed  brushes,  some  other  factor  has  to  be  con- 
sidered. This  factor  is  simply  the  difference  of  potential  due 
to  the  varying  contact-resistance  of  the  brushes.. 

Theory  of  Contact-Resistance. — The  theory  of  the  reversing 
magnetic  field  laid  down  above  is,  however,  inadequate  to 
explain  how  it  is  possible  in  certain  cases  to  commute  spark- 
lessly  without  giving  to  the  brushes  any  angular  lead  at  all, 
in  which  case  the  coils  at  the  instant  of  commutation  are  not 
passing  through  any  reversing  field.  This  is  the  case  of  tram- 
way motors  having  the  brushes  set  precisely  at  the  neutral 
points,  so  that  the  armature  may  run  either  forward  or 
backward.  The  necessary  conditions  for  commuting  without 
lead  and  without  a  reversing  field  are  (i)  that  carbon  brushes 
are  used,  giving  an  adequate  contact-resistance,  (2)  that 
sufficient  time  be  given  to  the  act  of  commutation,  or  in 
other  words,  that  the  breadth  of  the  brushes  be  sufficiently 
great,  covering  two,  three,  or  even  four  segments  of  the  com- 
mutator. 

It  is  needful  to  refer  here  to  such  data  as  exist  respecting 
the  contact  resistance  offered  by  brushes,  and  its  dependence 
upon  the  current-density  at  the  surface  of  contact. 

Carbon  brushes  are  in  practice  worked  at  current-densities 
of  about  40  amperes  per  square  inch  for  machines  of  medium 
and  large  outputs.     For  small  machines  this  figure  may  be 
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considerably  exceeded,  but  the  maximum  permissible  figure 
is  80  amperes  per  square  inch.  Copper  brushes  are  generally 
worked  at  150  to  200  amperes  per  square  inch,  or  even  more. 
Recent  tests  made  by  Professor  Arnold  ^  upon  commutator 
losses  show  that  both  for  carbon  and  copper  brushes,  the 
contact  resistance  decreases  rapidly  with  increasing  current- 
density  relatively  to  the  peripheral  speeds,  it  being  more 
marked  in  the  case  of  carbon.  According  to  his  experiments 
the  contact  resistance  of  carbon  brushes  for  current-densities 
of  50  to  30  amperes  per  square  inch  and  peripheral  speeds  of 
1200  to  2400  feet  per  minute  may  be  taken  as  being  0*023  to 
0*039  ohm  per  square  inch  of  contact.  For  copper  brushes 
the  corresponding  values  may  be  taken  as  being  0*00077  to 
0*0023  ohm  per  square  inch.  So  that  we  can  safely  assume 
as  outside  Values  of  the  contact  resistance  per  square  inch  : 

For  carbon  brushes         .  .         0*04  ohm. 

„    copper       „  .         0*003  ohm. 

These  values  enabling  us  to  easily  calculate  the  commutator     • 
loss  brought  about  by  contact  resistance  for  any  machine. 

Example, — In  a  large  electro-metallurgical  dynamo  by  Brown 
with  an  output  of  4000  amperes,  there  are  about  160  square  inches 
of  brush  contact  surface,  or  80  square  inches  for  entry  and  80  for 
exit  of  the  current,  collecting  about  50  amperes  per  square  inch. 
Assuming  the  contact  resistance  at  0*02  Ohm  per  square  inch  we  find 
the  whole  C^R  loss  will  be 

0'02  rt 

2  X  4000  X  4000  X  -_  -  =  8000  watts. 

So 

Under  the  positive  brush,  that  is,  where  the  current  flows 
from  copper  to  carbon,  the  contact  resistance  is  somewhat 
greater  than  that  under  the  negative  brush,  where  the  flow  is 
from  carbon  to  copper.  This  possibly  explains  the  circum- 
stance that  at  an  overload  the  negative  brushes  generally 
show  sparks  before  the  positive  ones. 

*  See  E^ektrotechnische  Zeitschrift,  No.  I,  1899.  See  also  Dr.  Max  Kahn, 
Der  Uebergangstmderstand  von  KohlntbursUn  (Stuttgart,  1902),  and  Moorie's 
resvlts  in  Parshall  and  Hobart's  Electric  Generators  (London,  1900),  p.  271. 

I.  R  i 
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The  contact  resistance  is  not  constant,  but  varies  approxi- 
mately inversely  as  the  current  density  ;  thus,  with  1  •  5  lb. 
per  square  inch  pressure  the  resistance  is  about  0*04  when 
the  current  density  is  20  amperes  to  the  square  inch,  and 
goes  down  to  about  0'02  when  the  density  is  40  amperes  to 
the  square  inch.  Hence  it  follows,  that  the  drop  of  potential 
due  to  this  contact  resistance  is  nearly  constant  at  all  loads, 
and  may  be  taken  at  from  0"8  to  i*o  volt  at  each  side, 
positive  and  negative,  of  the  commutator,  or  from  i'6  to 
2  volts  on  the  whole  machine. 

Let  us  take  the  case  considered  above  of  a  machine  running 
with  its  brushes  so  adjusted  that  there  is  no  sparking  at  three- 
quarter  load,  and  consider  in  detail  what  happens  at  loads 
above  and  below  this. 

I.  Above  three-quarter  load.  Here,  as  we  have  seen,  the 
reversing  field  is  not  strong  enough  of  itself  to  reverse  the 
current  in  the  short-circuited  coil.  Referring  to  Fig.  132  we 
see  that  the  coils  coming  from  the  left-hand  side  of  the  arma- 
ture come  under  the  brush  with  a  current  in  them  which  must 
first  be  reduced  to  zero,  and  then  built  up  again  to  its  original 
value,  attaining  this  just  as  it  leaves  the  brush.  Consider  first 
what  happens  with  the  segment  /  just  coming  under  the 
brush.  The  latter  will  be  nearly  at  the  same  potential  as 
segment  e,  because  segment  e  is  nearly  covered  by  it  (in  an 
actual  machine).  The  current  coming  up  from  the  right-hand 
side  of  the  armature  wjll  go  out,  then  into  the  external  circuit 
by  the  brush  across  the  contact  surface  of  the  latter  with  seg- 
ment e.  The  current  from  the  left-hand  side  of  the  armature 
has  two  alternative  paths  to  traverse  in  order  to  get  into  the 
brush,  one  across  the  contact  surface  of  segment  /  and  the 
brush,  the  other  through  the  coil  V  to  segment  ^,  and  then 
across  the  contact  surface  of  brush  and  segment  e.  It  is  the 
Current  taking  the  latter  path  that  has  to  be  reduced  to  zero 
and  built  up  again. 

Considering  still  the  same  instant,  the  motion  of  the  coil  V 
entering  across  the  field  of  the  hindward  pole-horn  causes  an 
opposing  electromotive-force  to  be  induced,  which  we  will  call 
the  "reversing  electromotive-force."    This  electromotive-force 
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then  tends  to  make  the  current  in  coil  V/a//and  it  is  aided  in 
this  by  the  resistance  of  the  coil.  But  the  falling  current 
in  the  coil  V  produces  a  magnetic  flux  that  creates  an  induc- 
tive electromotive-force  (electromotive-force  of  self-induction) 
tending  to  retard  the  fall  of  the  current.  Also  the  current 
flowing  across  the  contact  area  of  the  brush  and  segment  e 
produces  a  drop  of  potential  at  that  area  which  is  small 
because  the  surface  is  large.  The  reverse  is  the  case  at  the 
contact  surface  of  the  brush  and  segment  /,  because  here  the 
contact  area  is  very  small  at  the  particular  instant  we  are  con- 
sidering. Considering  an  instant  later,  the  brush  is  making 
better  contact  with  segment  f  and  diminished  contact  with 
segment  e,  consequently  the  potential  across  the  contact  area 
of  brush  and  e  is  rising  above  that  across  brush  and  segment 
f,  and  hence  a  current  will  tend  to  flow  from  segment  e  to 
segment  /,  that  is,  an  electromotive-force  is  produced  simply 
by  the  varying  contact  resistance,  and  it  helps  the  reversing 
electromotive-force  to  do  its  work. 

As  the  commutator  moves  on  under  the  brush,  the  dif- 
ference of  potential  betw^een  the  two  segments  will  continu- 
ally increase  and  the  combined  effect  of  this  electromotive- 
force,  the  reversing  electromotive-force,  and  the  resistance  of 
the  coil  will  reduce  the  current  in  the  latter  to  zero.  This 
should  happen  (for  non-sparking)  when  the  contact  areas  of 
each  segment  with  the  brush  are  equal.  After  passing 
through  its  zero  value,  the  short-circuited  coil  will  come 
under  the  direct  influence  of  the  flux  from  the  backward 
pointing  pole-horn  which  will  induce  an  electromotive-force 
in  it,  producing  a  current  in  the  opposite  direction  to  what  it 
was.  This  current  has  to  grow  to  the  original  value,  and  is 
retarded  in  this  by  the  inductive  electromotive-force  induced 
by  its  magnetic  field  and  by  the  resistance  of  the  coil.  But 
the  electromotive-force  caused  by  the  varying  contact  surface 
helps  it  to  grow,  because  this  electromotive-force  is  still  in 
the  same  direction,  the  contact  area  of  segment  e  and  the 
brush  continually  getting  less  and  the  potential  of  segment  e 
and  brush  continually  rising  above  the  potential  of/  and  the 
brush.     Finally,  just  as  segment  e  is  leaving  the  brush,  the 

R  2 
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combined  effect  of  the  reversal  electromotive-force  and  the 
electromotive-force'  due  to  the  varying  contact  resistance,  has 
exactly  built  up  the  current  in  the  coil  to  its  original  strength, 
and  therefore  segment  e  will  leave  the  brush  without  a  spark. 

II.  Below  three-quarter  load.  This  is  the  case  for  which 
the  reversing  electromotive-force  is  too  great.  It  is  easy  to 
see  what  happens  for  this  case  if  we  think  in  the  light  of  the 
above  of  what  takes  place  at  three-quarter  load,  where  the 
brushes  were  actually  set  by  trial  in  the  right  position.  This 
means  that  the  combined  effect  of  reversing  electromotive- 
force  and  electromotive-force  due  to  varying  contact  resistance 
did  what  was  required.  This  latter  electromotive-force  was 
of  course  proportional  to  the  current — that  is,  to  the  thr^e- 
quarter  load  current.  But  at  one-quarter  load,  let  us  say, 
this  ejectromotive-force  is  proportionately  smaller,  and  con- 
tributes less  to  the  total  electromotive-force  required  for  the 
commuting  operation.  Consequently,  the  total  electromotive- 
force  diminishes  with  the  load,  so  we  may  say  that  for  any 
load  below  the  load  for  which  the  brushes  were  adjusted  the 
total  reversing  electromotive-force  more  or  less  automatically 
adjusts  itself.  For  the  greater  loads,  the  reversing  electro- 
motive-force proper  is  reinforced  proportionately  and .  auto- 
matically by  the  drop  across  the  contact  resistances. 

The  above  explanation  *  explains  the  process  of  commuta- 
tion with  fixed  brushes.  Naturally,  in  practice,  there  must 
be  (and  always  is)  a  little  sparking  at  very  light  loads  and  at 
overloads.  Moreover,  there  is,  at  loads  above  the  normal,  a 
certain  value  of  current  which  cannot  be  exceeded  on  account 
of  sparking  taking  place.  This  is  obviously  at  that  point  where 
the  large  armature  reaction  distorts  the  main  field  to  such  an 
extent  (i.e,  weakens  the  field  under  the  hindward  pole-horn  so 
much)  that  sparkless  collection  becomes  impossible. 

.  *  See  the  suggestions  of  Housman,  Jottrn,  Inst.  El.  Engin.^  May  1893,  and 
of  E.  Thomas,  Electrician^  Feb.  1898.  For  a  fuller  theoretical  treatment  see  the 
two  pamphlets  of  C.  C.  Hawkins  (partly  reprinted  from  airticles  in  the  Electrician 
of  1897  and  1898)  on  Armature  Reaction  and  the  Theory  of  Commutation,  London, 
1897,  and  on  The  Theory  of  Commutation,  London,  1898.  See  also  Arnold's  Die 
Glcichstrom-frtcschine^  1902.  Rothert's  articles  in  the  Eleclrotcchnische  Zeitschrift^ 
1901,  1902,  are  also  important. 
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It  is  possible  to  consider  the  contact-surface  between  the 
brushes  and  the  commutator  as  if  it  were  the  seat  of  an 
opposing  electromotive-force  ;  of  the  value,  in  the  C2ise  of 
carbon  brushes,  of  about  0-7  to  i  volt.  Probably  there  is  in 
reality  no  true  back  clectromotive-force  here.  But  if  there  is 
here  (as  also  in  the  case  of  the  electric  arc),  a  resistance  which 
varies,  because  of  the  variation  of  the  area  of  contact,  in 
approximately  inverse  proportion  to  the  current  passing 
through  the  area,  such  resistance  will  act  precisely  as  a  back 
electromotive-force  would  do.  It  is  impossible  save  by  some 
such  supposition  to  explain  the  sparkless  collection  of  current 
which  is  in  fact  attained  in  some  machines  with  carbon  brushes, 
without  any  lead  at  all,  or  even  with  a  negative  lead. 


Fig.  133.— Cubve  of  C 

Resistance  during  Reversal. — Let  us  then  assume  that 
during  commutation  there  is  a  contact  resistance  inversely  pro- 
portional to  the  area  of  contact  between  the  brush  and  the  com- 
mutator. In  Fig.  133  let  the  abscissae  measure  time  and  the 
ordinates  current  in  the  coil  that  is  to  be  commuted.  If  we 
reckon  the  zero  as  the  instant  when  commutation  begins  and 
T  the  time  when  it  ends,  and  the  initial  value  of  the  current 
in  the  coil  as  C,  then  the  problem  is  how  to  convert  the 
value  C  into  the  value  —  C  during  the  time  T.  The  ideal  case 
should  be  that  this  reversal  should  take  place  by  a  uniform 
change  ;  or,  graphically,  that  the  current  curve  should  slope 
uniformly  from  beginning  to  end,  the  current  having  its  value 
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reduced  to  zero  at  a  time  J  T.  But  this  is  seldom  the  case. 
Little  is  known  as  to  the  actual  form  of  the  curve  of  commu- 
tation. Messrs,  Everett  and  Peake  found  in  a  particular 
machine^  that  the  curves  had  the  forms  shown  in  Fig.  134 
The  curve  marked  A  shows  an  initial  increase  {as  may  happen 
at  light  loads)  with  an  oval  reversal  at  the  end.  Curve  B 
shows  an  under-commutation  with  an  insufficient  lead.  Curve 
C,  with  an  increased  load,  shows  a  rapid  reversal  at  first,  but 
an    under  -  commutation    to- 

J  wards  the  end  of  the  period. 

Curve     D    shows   a   gradual 

fall,  which  slackens   towards 

__  the  end  of  commutation.    If 

y^^  T there  were  no  self-induction 

to  delay  the  change  of  current, 
a  straight  line  might  be  ob- 
tained as  the  following  reason- 
ing will  show.  Consider  a 
carbon  brush  wide  enough 
just  to  cover  one  segment, 
the  mica  separators  being 
for  simplicity  regarded  as  of 
negligible  thickness.  Suppose  the  commutator  segments  to 
be  each  \  inch  wide,  and  that  the  total  brush  length  in  the 
direction  parallel  to  the  axis  is  2  inches,  so  that  the  area  of 
brush  face  is  i  square  inch.  Suppose  that  it  is  collecting 
40  amperes  These  40  amperes  are  made  up  of  20  am- 
peres flowing  in  from  the  coils  on  the  right  and  20  from 
the  coils  on  the  left  Fig.  1351J  depicts  the  state  of  things 
when  the  segment  A  is  exactly  under  the  brush.  The  coil 
A  B,  which  is  connected  between  the  segments  A  and  B,  carries 
20  amperes  flowing  from  left  to  right ;  and  the  period  of 
commutation  is  just  about  to  begin.  Fig.  135^  depicts  the 
state  of  things  when  the  commutator  has  moved  forward 
through  the  breadth  of  one-quarter  of  a  segment.  The  area 
of  contact  of  the  segment  A  is  reduced  to  |  of  a  square  inch, 

>  See  BUetrieian,  zl.  p.  86i,  April  33 ;  and  xlii.  p.  328,  December  yi,  1898. 
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a.  Instant  before  commencement  of 
commutation  in  the  section 
AB. 


//,  End  of  first  quarter  of  the  period 
of  commutation  in  the  section 
AB. 


c.  End  of  second  quarter  of  the  period 
of  commutation  in  the  section 
AB. 


d.  End  of  third  quarter  of  the  period 
of  commutation  in  the  section 
AB. 


e.  Commutation  in  the    section   A  B 
completed. 


Fig.  135.— Process  of  Commutation, 
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while  that  of  the  segment  B  has  grown-  to  \  square  inch. 
Hence,  assuming  the  coil  A  B  itself  to  be  of  resistance 
negligibly  small  compared  with  the  contact- resistances,  the 
current  will  divide  itself  between  the  two  possible  paths  in 
corresponding  proportion  to  the  ar^as,  30  amperes  will  be 
collected  through  A  and  10  through  B.  This  involves  that 
the  current  carried  by  the  coil  A  B  has  been  reduced  from  20 
to  10  amperes.  By  the  time  the  coil  has  moved  forward 
through  half  the  breadth  of  a  segment,  the  contact  areas  of  A 
and  B  will  be  equal,  and  (always  on  the  assumption  that 
there  is  no  self-induction)  there  will  be  20  amperes  flowing  up 
through  A  and  20  through  B  ;  hence,  as  depicted  in  Fig.  135^:, 
the  current  in  the  coil  A  B  will  have  been  reduced  to  zero. 
At  the  next  stage,  when  the  commutator  has  moved  forward 
through  J  of  a  segment,  the  contact  areas  as  shown  in  Fig.  135^ 
are  now  \  and  f  and  the  current  flowing  through  A  is  reduced 
to  10  amperes,  while  that  through  B  has  grown  to  30  amperes. 
Hence,  the  coil  A  B  must  now  carry  10  amperes  in  the  reverse 
direction.  By  the  end  of  another  quarter  period  commutation 
in  the  section  will  be  completed,  and,  as  shown  in  Fig  135^, 
the  segment  A  will  have  passed  out  from  under  the  brush. 
The  whole  40  amperes  will  be  collected  from  segment  B,  and 
the  current  in  the  coil  A  B  will  have  grown  up  to  the  full 
value  of  20  reversed  amperes.  The  operation  may  be  graphi- 
cally represented  by  Fig.  136,  wherein  the  length  O  T  repre- 
sents either  the  time  occupied  by  the  commutation  or  else  the 
actual  peripheral  movement  through  the  breadth  of  the  brush, 
and  the  height  of  the  ordinate  to  any  point  on  the  line  P  Q 
will  represent  the  value  of  the  current  in  the  coil  at  any 
corresponding  instant  measured  along  the  line  O  T  ;  for 
example,  at  time  /  the  value  of  the  current  would  have  fallen 
from  O  P  toy. 

It  remains  to  consider  how  this  ideal  case  will  be  changed 
by  the  facts  (i)  that  the  coil  A  B  has  some  resistance,  (2)  that 
it  has  some  self-induction.  If  the  resistance  of  the  coil  be  not 
negligible  compared  with  the  contact  resistance  at  the  surfaces, 
then  the  several  amounts  of  current  collected  under  the  brush 
will  not  be  rigidly  proportional  to  the  areas  of  contact.     For, 
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reference  to  Fig.  135  ^  will  show  that  if  the  resistance  of  the 
coil  A  B  be  not  zero,  the  resistance  in  the  path  of  the  current 
coming  up  through  A  will  not  be  \  of  that  in  the  path  through 
B.  Assuming  that  the  contact  resistance  over  A  is  0*04  ohm 
and  that  over  B  is  o*  12  ohm ;  then,  if  the  resistance  of  one 
coil  be  taken  at  the  exaggerated  value  of  coi  ohm,  the 
current  will  divide  itself  as  29*4  and  10 '6  amperes  instead  of 
30  and  ID;  while  the  current  in  the  coil  A  B  will  be  9*4 
instead  of  10  amperes.  Briefly,  the  presence  of  resistance  in 
the  coil  tends  to  make  the  commutation  curve  take  the  form 
of  the  curving  line  in  Fig.  136. 

The  effect  of  self-induction,  though  difficult  to  reckon  out 
quantitatively,  is  in  every  case  such  as  to  retard  the  fall  and 


Fig.  136.-— Curve  of  Commutation. 

reversal  of  the  current,  and  would  give  to  the  current-curve  a 
form  such  as  indicated  by  the  line  P  Li  Q  in  Fig.  137  ;  or,  if 
there  is  more  self-induction,  that  of  P  La  Q.  If  at  time  ^T 
the  current  in  the  coil  is  not  reduced  to  zero,  it  is  clear  that 
the  current-density  in  the  contact  surfaces  will  not  be  alike  at 
all  parts  under  the  brush.  For  example,  if  at  the  time  ^T 
the  current  in  the  coil  is  not  zero,  but  is  still  say  5  amperes, 
the  amounts  collected  through  the  two  segments  B  and  A 
will  not  be  20  amperes  each,  but  15  and  25  amperes  respec- 
tively. And  as  with  the  increased  current  density  in  the 
surface  of  A  the  contact  resistance  falls,  this  fall  will  of  itself 
tend  to  accentuate  the  inequality.     Moreover,  if  the  current 
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by  reason  of  this  retardation  is  not  completely  reversed  by 
the  end  6f  the  period  T,  then  at  the  last  instant  as  the  surface 
of  contact  between  the  segment  A  and  the  brush  diminishes 
down  to  zero,  the  contact  resistance  will  rise  with  extreme 
rapidity,  and  the  product  of  this  resistance  into  the  still 
uncommuted  part  of  the  current — graphically  represented  by 
the  height  of  the  line  QU,  Fig.  137,  will  constitute  an  electro- 
motive-force between  the  retreating  edge  of  the  segment  A 
and  the  tip  of  the  brush.  This  electromotive-force  it  is  which 
tends  to  set  up  a  spark,  and  maybe  briefly  called  the  sparking 
electromotive-force.  In  the  absence  of  any  "reversing  field" 
to  produce  a  forced  commutation   by  inducing  an  electro- 


FiG.  137.— Curve  of  Commutation,  with  Self-Induction. 


motive-force  to  combat  the  retardation  of  self-induction,  the 
only  methods  of  reducing  this  sparking  electromotive- force 
are  (i)  lengthen  the  period  of  commutation  by  providing  a 
broader  brush  ;  (2)  reduce  the  retardation  of  self-induction 
by  changing  the  design  (by  shortening  the  axial  length  of  the 
armature  core,  or  by  increasing  the  saturation  of  the  teeth), 
so  as  to  reduce  the  inductance  of  each  coil ;  or  (3)  artificially 
increase  the  brush  resistance  during  the  last  part  of  the 
period  of  commutation. 

According  to  Girault  *  the  condition  for  sparkless  commu- 
tation where  the  brush  is  of  the  same  breadth  as  one  segment, 

*  Bull,  Soc.  IfiUmat.  des  fi.lcctriciens^  xv.  p.  183,  May  1898. 
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is  that  RiT/L  should  be  greater  than  i  ;  Ri  being  the  contact 
resistance  under  one  brush,  and  L  the  coefficient  of  self- 
induction  of  the  coil  under  commutation.  This  expression  is 
only  approximately  true,  and  is  affected  by  the  question  of 
the  number  of  conductors  per  slot,  and  by  the  mutual  induc- 
tion between  the  adjacent  conductors.  It  is  obvious  as  a 
deduction  that  in  a  doubtful  case,  the  commutation  can  be 
improved  by  increasing  Ri  or  T.  Further  considerations  of  a 
theoretical  nature  have  been  adduced  by  Arnold  and  Mie, 
EUktrotechnische  Zeitsckrift^  xx.  p.  97, 1899,  and  by  Hawkins, 
op,  citaL  Boy  la  Tour  has  written  a  series  of  articles  on  com- 
mutation in  r Industrie  Electrique,  xi.  Feb.  and  March  1902. 
The  latest  theory  is  that  of  Gallusser,  vol.  iii.  of  the  Sammlung 
elektrotechnischer  Vortrdge^  1902. 

It  will  be  seen  that  in  this  act  of  commutation  by  contact 
resistances,  the  whole  process  depends  upon  the  variations  of 
the  resistance  due  to  the  increase  and  decrease  of  the  surfaces 
of  contact  as  they  slide  under  the  brush.  They  shear  offy  so  to 
speak,  the  current  from  t/ie  coil  as  it  goes  by,  and  they  let  into 
it  a  reversed  current.  There  is  a  certain  resemblance,  there- 
fore, between  this  process  and  that  of  the  slide-valve  in  a 
steam  engine,  where  a  variation  in  the  area  of  the  port-holes 
permits  the  flow  of  steam,  or  cuts  it  off,  in  its  passage  into  or 
out  of  the  cylinder. 

The  effect  of  increasing  the  breadth  of  the  brush  is  not 
simply  to  prolong  the  period  of  commutation  but  to  cause 
commutation  to  begin  in  one  coil  before  it  has  been  completed 
in  the  preceding  one.  This  may  also  be  considered  by 
reference  to  the  stages  of  the  ideal  process  depicted  in  the 
series  of  figures  from  138^  to  138^. 

In  these  we  suppose  the  brush  to  cover  two  segments, 
each  \  inch  wide,  and  that  the  total  brush  length  is  3  inches 
in  the  direction  parallel  to  the  axis,  having  therefore  3  square 
inches  of  face.  Suppose  also  that  it  is  collecting  120  amperes, 
or  40  amperes  per  square  inch.  These  120  amperes  are  made 
up  of  60  amperes  flowing  in  from  the  coils  on  the  right,  and 
60  from  the  coils  on  the  left.  Fig.  I38^^  depicts  the  state  of 
things  when  the  segments  A  and  Z   are  under  the  brush. 
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a.     Instant  before  c 

commutation    in     the 
AB. 


End  of  first  quarter  of  tbc  period 


End  of  second  quuter  of  the  period 
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Their  areas  of  contact  are  equals  and  therefore  their  resist- 
ances are  equal.  Hence,  the  current  flows  up  equally  through 
A  and  Z,  and  there  is  60  amperes  flowing  in  the  coil  which  is 
connected  from  A  to  B,  which  coil  will  from  this  instant  begin 
to  undergo  commutation.  Fig.  138^  depicts  the  state  of 
things  when  the  coil  AB  has  moved  on  through  the  breadth 
of  half  a  segment.  The  areas  of  contact  with  segments  B 
and  Z  are  now  only  half  of  that  with  A  ;  hence  the  120 
amperes  would  now  be  made  up  as  follows :  60  through  A, 
30  through  B,  and  30  through  Z.  This  involves  that  the 
current  in  the  coil  A  B  is  now  reduced  to  30  amperes.  In 
the  next  stage,  Fig.  138^,  the  coil  has  moved  on  through  the 
breadth  of  another  half-segment,  so  that  the  brush  covers 
the  segments  A  and  B.  Then  60  amperes  flow  up  through 
A,  and  60  through  B,  so  that  the  current  in  the  coil  AB  has 
fallen  to  zero.  At  the  next  stage,  Fig.  1 38^,  30  amperes  will 
flow  to  the  brush  through  A,  60  through  B,  30  through  C. 
Hence  the  coil  A  B  must  now  carry  30  amperes  in  the  .reverse 
direction.  By  the  time  the  next  stage  is  completed  A  will 
have  passed  out  from  under  the  brush,  and  B  and  C  will  each 
convey  60  amperes  to  the  brush  ;  hence  the  current  in  A  B 
will  now  be  the  full  60  amperes  in  the  reverse  direction,  and 
the  commutation  in  that  section  is  completed.  In  this  case 
where  the  brush  covers  two  segments  the  act  of  commutation 
begins  in  one  coil  when  it  is  half  over  in  the  next.  The 
mutual  induction  between  the  two  adjacent  coils  will  not 
appreciably  help  the  commutation.  Self-induction  in  this 
case  retards  the  process  of  commutation  as  it  does  in  every 
case.  In  those  cases  where  the  element  of  the  winding  con- 
sists of  more  turns  than  one,  the  self-induction  is  diminished 
by  placing  the  successive  turns  of  the  element  in  different 
slots,  an  arrangement  patented  by  Fynn,  and  examined  both 
experimentally  and  theoretically  by  Parshall  and  Hobart. 
Rothert  *  has  given  for  the  case  of  the  brush  covering  one 
segment  only,  the  differential  equation 

L  -^^  +  C  (ri  +  ^3  -h  ^3)  -  Co  (ri  -  r.,)  ; 

*  EUktrotechnische  Zeitschrift^  xxiii.  865,  Oct.  1902. 
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where  L  is  the  coefficient  of  seif-induction  of  the  short-circuited 
coil,  C  the  current  in  it  at  any  instant,  Co  the  initial  value  of 
the  current  to  be  commuted,  and  ri  and  r^  the  two  contact 
resistances  which  vary  with  the  time,  and  r^  is  the  resistance 
of  the  coil.  In  the  ideal  case,  where  the  commutation  curve 
is  a  straight  line,  dCjdt  =  2C0/T  ;  and  the  current  in  the 
coil  at  the  time  /  is  equal  to  Co(i  —  4/O,  where  /  is  the 
frequency  of  commutation,  ue.  the  reciprocal  of  T.  Rothert 
has  further  deduced  that  if  the  contact  resistance  of  the 
brush  can  be  so  distributed  that  it  increases  toward  the  end 
of  the  commutation,  the  sparking  electromotive-force  under 
the  toe  of  the  brush  will  be  lowered. 

For  discussions  on  the  effect  of  commuting  several  sections 
at  once  by  a  broad  brush,  see  Parshall  and  Rothert. 

Use  of  Carbon  Brushes. — Generators  designed  to  operate 
with  a  constant  lead  invariably  have  carbon  brushes.  Such 
machines  spark  a  good  deal  if  metal  brushes  are  substituted, 
and  the  above  reasoning  affords  an  explanation  of  this.  The 
carbon  brushes  possess  a  much  greater  specific  resistance,  and 
hence  the  drop  across  them  will  vary  greatly  with  the  contact 
area.  Naturally  also,  machines  working  with  fixed  brushes 
are  less  efficient  and  more  costly  than  those  operating  under 
usual  conditions,  because  the  heat  loss  in  the  commutator  is 
greater,  and  the  size  of  the  commutator  has  to  be  increased 
in  order  to  get  rid  of  the  increased  amount  of  heat. 

There  is  some  difference  to  be  noted  between  the  cases  of 
shunt-wound  machines,  and  those  which  are  compound-wound. 
For  in  the  case  of  compound-wound  machines  the  magnetic 
excitation  is  automatically  increased  at  the  times  when  a  large 
current  has  to  be  commuted,  and  this  increase  in  the  excitation 
helps  to  keep  up  the  strength  of  the  reversing  field. 

It  may  happen  with  some  machines  that  a  sparkless 
collection  of  current  is  impossible,  wherever  the  brushes  are 
set.  This  may  be  due  to  either  (i)  on  account  of  the  field 
system  being  too  weak,  either  inherently  or  on  account  of 
distortion  ;  or  (2)  to  the  inductance  of  the  short-circuited 
coils  being  too  large.  If  this  latter  is  the  case,  even  when 
the  reversing  field  is  amply  strong  enough,  the  operation  of 
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commutation  will  be  nearly  independent  of  the  electromotive- 
force  set  up  by  the  varying  contact  resistance,  which  latter 
will  cause  a  waste  of  energy,  given  out  mainly  at  the  beginning 
and  end  of  the  commutating  period,  and  which  takes  the  form 
of  strong  heating  of  the  edges  of  the  segments,  melting  off 
the  copper,  and  thereby  drawing  out  an  arc. 

Beside  the  cause  of  ordinary  sparking  explained  above 
there  are  some  causes  of  an  exceptional  nature.  In  those 
dynamos  (chiefly  those  used  in  arc  lighting)  that  are  con- 
structed to  work  at  high  potentials  approaching  or  exceeding 
1000  volts,  there  sometimes  occurs  a  phenomenon  known  as 
"  flashing-over."  A  long  blue  spark  will  on  a  sudden  altera- 
tion of  the  resistance  of  the  circuit  be  drawn  out  around 
the  circumference  of  the  commutator  from  brush  to  brush. 
This  spark,  which  is  more  of  the  nature  of  an  arc,  does 
little  harm  in  the  case  of  those  dynamos  which  are  con- 
structed with  commutators. of  few  parts  separated  by  air- 
gaps,  but  is  very  harmful  in  the  case  of  dynamos  having 
commutators  of  the  ordinary  sort,  with  thin  mica  insulation 
between  the  bars  ;  for  these  are  easily  short-circuited  by  the 
flash-over. 

Practical  Deductions. — The  considerations  above  indicate 
the  ways  in  which  sparking  may  be  reduced  to  a  minimum. 
These  are  : — 

1.  Keeping  the  inductance  of  the  armature  coils  low — that 
is,  divide  up  the  armature  into  many  sections,  so  that  the 
commutation  of  the  current  may  be  done  in  detail.  In 
addition  to  this,  the  magnetic  circuit  of  the  flux  produced  by 
the  short-circuit  current  in  the  coil  should  have  as  great  a 
reluctance  as  possible.  Widening  the  air-gap,  provided  the 
excitation  is  increased  so  as  still  to  maintain  the  flux  at  its 
full  value,  is  a  remedy  to  reduce  sparking. 

2.  Choosing  brushes  of  suitable  material  and  thickness. 

3.  Keeping  down  distortion  of  the  main  field,  in  order  that 
the  flux  at  the  hindward  pole-horns  may  be  sufficiently  stiff. 

4.  Proper  dimensioning  and  design,  of  commutator  brushes 
and  brush-holders. 

5.  Providing  rocker   and   brush  gear  which   is  in  itself 
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mechanically  substantial  and  rigid,  while  at  the  same  time  the 
individual  "  brushes "  are  allowed  to  rise  and  fall  com- 
paratively lightly. 

6.  Keeping  the  surface  of  the  commutator  perfectly  true. 

Various  devices  for  minimising  armature  reaction  in  order 
to  comply  with  requirement  No.  3  above  have  been  suggested 
from  time  to  time  by  different  designers,  some  of  which  have 
proved  to  be  to  a  certain  extent  valuable  in  practice.  Before 
referring  to  these  in  detail,  we  must  consider  yet  another 
property  of  a  loaded  armature,  namely,  the  direct  demagnet- 
izing effect  of  the  armature  current. 
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Fig.  139. 

Demagnetizing  Effect  of  ArniaUire, — If  in  a  dynamo  there 
is  a  forward  lead  given  to  the  brushes  for  the  purpose  of 
stopping  the  sparking,  there  at  once  results  another  reaction, 
namely,  the  production  of  an  actual  demagnetizing  tendency — 
or  back  magnetomotive  force.  That  the  armature  current 
does  so  act  is  readily  demonstrated  by  considering  Fig.  139. 
There  the  field-magnet  and  armature  are  represented  as  before 
but  the  brushes  have  been  given  a  forward  or  positive  lead  ; 
the  neutral  line  ;/  ri  lying  obliquely.  The  currents  are  flowing 
toward  the  observer  in  the  armature  conductors  on  the  left  of 
the  neutral  line,  and  from  the  observer  in  thosie  on  the  right 
of  that  line.      Now  let  the  two  lines  ab  and  cd  be  drawn 
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squarely  across  the  armature  through  the  points  of  commuta- 
tion corresponding  to  the  two 'brushes.  These  lines  intersect 
the  outline  of  the  armature  in  four  points.  In  the  diagram 
there  are  thirty-two  conductors  spaced  out  around  the  core 
disk  of  the  armature  ;  and  as  this  armature  is  drum-wound, 
the  end  connexions  of  the  conductors  will  probably  be  some- 
what like  tho'ie  shown  in  Fig.  140,  where  each  conductor  is 
connected  across  the  end  by  a  double- curved  connector  to  the 
conductor  that  is  next  to  the  one  diametrically  opposite.^ 
Now,  so  far  as  any  magnetizing  actions  are  concerned  it  does 
not  matter  what  the  end  connexions  are,  provided  they  are 
compatible  with  the  flow  of  current  indicated  al>ove  in  Fig.  139, 


Fig.  140.  Fig.  141.— Conductors  Grouped 

Actual  Connexions  at  End  of  into  Cross -Magnetizing  and 

Drum-windings.  Demagnetizing  Belts. 

with  current  advancing  along  the  sixteen  conductors  on  the 
left  of  «  «',  and  retreating  along  the  sixteen  on  the  right  of  n  n'. 
Hence  we  may  consider  them,  temporarily,  as  grouped  in  any 
way  that  will  assist  us  to  understand  their  action.  Suppose, 
then,  that  the  four  conductors  from  29  to  32  are  joined 
across  the  ends'  to  the  four  from  13  to  16  (Fig.  140) ;  and  let 
the  twelve  conductors  from  i  to  12  be  joined  across  to  the 
twelve  fi;om  17  to  28.  Our  armature  windings  are  now 
distributed    into   two   bells,   one   horizontal   belt   of    twelve 

'  For  modes  nf  connecting  dium- windings,  see  Cbapler  XIII.. 
'  See  Swinburne  in  Journal  Init.  EIk.  Enginters,  xv.  542,  1886. 
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windings  which  tends  simply  to  cross-magnetize ^  and  one  ver- 
tical belt  of  four  windings,  Fig.  141,  which  tends  simply  to  de-- 
magnetize ;  for  it  will  be  seen  that  the  direction  of  the  circula- 
tion around  the  vertical  belt  is  opposite  to  the  direction  of  the 
circulation  of  current  in  the  magnetizing  windings.  The 
breadth  of  the  belt  of  demagnetizing  windings  is  obviously 
proportional  to  the  angle  of  lead,  since  it  subtends  double 
that  angle.  If  the  armature  in  question  were  carrying  100 
amperes  then,  since  there  are  two  paths  through  the  arma- 
ture circuit  (pp.  201  and  208)  each  conductor  must  carry 
50  amperes.  Hence  the  number  of  cross-magnetizing  ampere- 
turns  is  50  X  12  =  600;  and  the  number  of  demagnetizing 
ampere-turns  is  50  X  4  =  200. 

Now  the  cross-magnetizing  action  which,  as  we  have  seen, 
distorts  the  field,  does  of  itself  slightly  diminish  the  flux  of 
magnetic  lines  that  crosses  the  armature  core  from  side  to 
side,  because  in  the  oblique  resultant  direction  of  the 
magnetization  the  increased  flux  tends  to  produce  greater 
saturation  in  the  pole  corners.  For  other  researches  on  the 
effect  of  a  cross-magnetism  in  diminishing  the  magnetism  of 
the  core,  see  papers  by  Siemens  *  and  Schiiltze '  in  Wiede- 
mann's  Annalen,  Schiiltze,  in  the  course  of  twenty-four 
experiments,  found  that  the  cross-magnetization  of  an  iron 
core  always  diminished  the  longitudinal  magnetization.  More 
recent  experiments  on  these  effects  are  those  of  Frolich, 
Kennelly*  and  Stromberg.* 

In  a  Manchester  dynamo,  tested  by  Prof.  Ayrton,*  5846 
ampere-turns  of  excitation  were  needed  when  no  lamps  were 
on,  and  10,000  when  the  machine  was  furnishing  its  full  out- 
put of  current:  of  the  additional  4154  ampere-turns,  1754 
were  needed  to  compensate  for  the  lost  volts  (due  to  internal 
resistance  and  lessened  permeability)  and  2400  to  compensate 
for  the  demagnetizing  effect  of  the  armature  current  with  the 
increased  lead  needed  to  prevent  sparking.     The  greater  the 

^  Werner  Siemens,  Wiedemann's  Annalen,  xiv.  634^  1882. 
'  Schiiltze,  Wied,  Ann,,  xxiv.  663,   1885.     See  also  Oberbeck,  Habiltations- 
Slchrift^  1878.  *  Electrician^  xxv.  ill,  1890. 

*  Centtalblattfur  Elektrotechnik,  1887,283. 

*  Journal  Inst.  Electrical  Engineers^  xix.  175,  1890. 
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lead  given  to  the  brushes  in  a  dynamo  used  as  a  generator, 
the  greater  is  the  demagnetizing  effect  of  the  armature 
current.  In  motors  the  direction  of  the  armature  current 
is  opposite  to  that  in  the  dynamo  (that  is  to  say  is  against 
the  electromotive-force),  a  negative  or  backward  lead  has  to 
be  given  to  the  brush  to  avoid  sparking — and  this  back- 
ward lead  also  results  in  a  demagnetizing  tendency.  If  a 
negative  lead  {t.e.  a  displacement  from  the  neutral  line  in 
the  opposite  direction  to  the  sense  of  the  rotation)  is  given  to 
the  brushes  of  a  generator  the  magnetizing  effect  of  the 
armature  currents  will  tend  to  assist  the  magnetization  of  the 
core.  Drs.  J.  and  E.  Hopkinson  ^  have  shown  that  if  a  back- 
ward lead  is  given,  a  generator  can  excite  itself  by  means  of 
the  armature  currents  only  ;  but  in  such  case  of  negative  lead 
there  was  a  destructive  amount  of  sparking.  The  de- 
magnetizing effect  is  of  course  proportional  to  the  number  of 
effective  ampere-turns  of  the  armature  circuit  that  surround 
the  magnetic  circuit,  and  therefore  to  the  actual  number  of 
ampere-turns  included,  as  we  have  seen,  in  a  belt  of  double 
the  angular  breadth  of  the  angle  of  lead.^  According  to 
Kapp  a  smaller  actual  number  of  compensating  turns  is 
required  in  practice.  Another  method  of  regarding  these 
distortions  is  as  follows. 

The  number  of  "  ampere-conductors  "  under  any  pole-face 
can  be  calculated  by  counting  the  number  of  conductors  under 
the  pole-face  at  one  time,  and  multiplying  by  the  current  that 
each  has  to  carry.  This  number,  if  multiplied  by  47r-r  10 
gives  the  cross-magnetizing  magnetomotive  force.  If  we  take 
the  number  of  conductors  that  lie  at  any  time  between  the  tips 
of  two  adjacent  poles,  and  multiply  by  the  current  which  each 
has  to  carry,  we  similarly  obtain  the  number  of  ampere- 
conductors that  tend  to  demagnetize,  on  the  assumption  that 
the  lead  is  such  that  commutation  occurs  just  at  the  pole-tip. 

*  PhiL  Trans.,  1886,  part  i.  p.  347.  *  According  to  Peukert,  who,  how- 

ever, does  not  specify  the  angle  of  lead,  the  demagnetizing  effect  of  the  armature 
current  is  proportional  to  the  1*3  power  of  the  armature  current.  See  Centralblatt 
fiir  Elekirotechniky  ix.  484,  1887.  According  to  Karpen  [Comptes Rendus,  cxxxiv. 
827,  April  1902,  the  demagnetizing  reaction  tias  a  maximum  at  a  certain  value 
of  the  excitation. 
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The  interference  of  the  armature  with  the  magnetization 
of  field-magnets  may  also  be  studied  in  relation  to  the 
"  characteristic  "  curves  of  dynamo  machines  (see  Chap.  XII.), 
which  are  used  to  show  the  rise  of  the  electromotive-force  of 
the  machine  in  relation  to  the  corresponding  strength  of  the 
current ;  this  rise  being  proportional  to  the  magnetization 
through  the  armature.  Now  the  characteristics  of  nearly 
all  series-wound  dynamos  show  a  decided  tendency  to  turn 
down  after  attaining  a  maximum  ;  and  in  some  machines,  for 
example  the  older  form  of  Brush  arc-light  dynamo  with  cast- 
iron  ring,  this  reaction  is  very  marked.  The  electromotive- 
force  diminishes,  though  the 
magnetizing  force  of  the  field- 
magnet  coils  goes  on  increasing. 
The  effect  is  due  partly  to  the 
distortion  of  the  magnetism, 
but  mostly  to  the  demagnetiz- 
ing effect  as  the  lead  of  the 
brushes  is  increased.  It  is  at 
least  significant  that  in  the  older 
form  of  Brush  machine,  where 
the  reduction  of  electromotive- 
force  is  very  great,  there  is  also 
such  a  mass  of  iron  in  the  arma- 
ture, and  so  variable  a  lead  at  the 
brushes. 

In  the  paper  referred  to  above 
Dr.  Hopkinson  ^  treated  the  theory  of  armature  interference 
as  follows. 

In  Fig.  142,  draw  any  closed  curve  ABC  A  along  the 
magnetic  circuit  so  that  it  passes  through  the  magnetizing 
coils.  The  line  integral  of  the  magnetizing  forces  along  this 
line  wHl  be  equal  to  0'47r  times  the  ampere-turns  in  the  coils 
(page  78).  There  will  be  an  equal  magnetomotive-force 
around  the  closed  curve  D  E  F  D,  though  the  resulting  flux 
along  this  path  may  be  less,  owing  to  the  greater  reluctance. 
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Fig.  142. 
Armature  Interference. 


»  Drs.  J.  and  E.  Hopkinson,  PAi/.  Trans.,  1886  ;  also  reprint  of  Hopkinson's 
Origifial  Papers,  1893,  105. 
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Similarly,  if  the  brushes  are  advanced  with  an  angular  lead  X, 
the  number  of  conductors  in  the  demagnetizing  zone  will  be 
a  fraction  2  X  -f-  tt  of  the  whole  number  Z  on  the  armature, 
and  as  each  carries  half  the  current,  the  demagnetizing 
ampere-turns  (for  drum-winding)  will  be 

iCaXiZX2X-7-7r=XCaZ-f-2  7r, 

and  the  demagnetizing  magnetomotive-force  will  be  o  •  2  X  Ca  Z. 
Further,  the  tendency  to  cross-magnetize  may  be  calculated 
by  considering  the  closed  curve  H  A  G  D  H  drawn  through 
the  pole-tips  of  one  pole-piece.  If  the  angle  of  polar  span 
be  called  1^,  the  number  of  conductors  enclosed  by  this  curve 
will  be  1^  Z/  2  TTy  and  the  line  integral  of  the  cross-magnetizing 
forces  will  be  o:47r  X  JC.  X  '^Z/2  7r  =  O'l-^CaZ.  As  the 
reluctance  in  the  parts  of  this  path  which  pass  through  iron  is 
negligible,  we  may  regard  the  whole  of  this  as  expended  on 
the  gaps  at  A  and  D  ;  and  it  will  be  seen  that  the  difference 
of  magnetic  potential  at  the  gap  A  will  be  diminished,  and 
that  at  D  increased,  by  half  this  amount.  Since  any  smaller 
closed  curve,  as  at  ady  encloses  few  conductors,  it  will 
produce  a  proportionately  smaller  distorting  effect.  The 
minimum  field  required  for  reversal  in  the  neighbourhood  of 
the  pole-tip  depends  both  on  the  current  to  be  reversed,  on 
the  self-induction  of  the  "  section,*'  and  on  the  time  occupied 
in  the  act  of  commutation.  The  cross-force  which  tends  to 
diminish  the  field  of  the  region  A  must  not  be  suffered  to 
reduce  the  field  below  the  necessary  minimum.  This  is  then 
Hopkinson's  theory  of  the  reversing  field.  It  expresses, 
however,  only  half  of  the  truth.  For,  if  it  were  the  whole 
truth  no  machine  could  possibly  commute  sparklessly  at  all 
loads  with  fixed  brushes,  nor  could  any  machine  run  sparklessly 
on  any  load  if  its  brushes  are  set  (as  in  many  tramcar  motors 
and  in  some  boosters)  with  no  lead  either  way.  The  theory 
takes  no  account  of  the  contact  resistance  at  the  brushes,  or  of 
its  variation,  which  we  have  seen  plays  a  vital  part  in  the 
operation  of  commutation.  Nevertheless,  this  theory  is  useful 
for  the  study  of  the  cross-magnetizing  and  demagnetizing 
reactions.     It  will  be  noted  that  the  demagnetizing  reaction 
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(which  is  proportional  to  X)  tends  to  weaken  the  field  in 
general,  while  the  cross-magnetizing  reaction  tends  (which  is 
proportional  to  ^)  to  weaken  the  field  under  the  hindward 
pole-tips,  and  to  strengthen  it  under  the  forward  tips.  In 
order  that  we  may  be  able  to  reverse  sparklessly  very  great 
currents,  we  must  have  the  impressed  field  so  strong  that  at 
least  the  minimum  field  remains  at  the  pole-tip  in  spite  of 
both  these  reactions.  Seeing,  then,  that  the  cross-field  is 
responsible  for  the  distortion  which  makes  sparkless  collection 
difllicult,  it  remains  to  consider  the  remedies.     These  may  be 


Fig.  143.— Magnet  with  V-gaps  and  Coipensatino  Polks  (Sayers). 

classified  under  two  heads — those  applied  to  the  magnets, 
and  those  applied  to  the  armature.  The  former  class  may 
again  be  sub-classified  ;  for  in  dealing  with  the  cross-field  we 
have  two  courses  open,  either  to  increase  the  reluctance  in  the 
path  or  to  introduce  a  compensating  counter  cross  magneto- 
motive-force. 

Cross-Reluctance  Remedies. — Any  gap  introduced  across  the 
closed  path  H  A  G  D  H  of  the  cross  forces  will  diminish  the 
cross-field  ;  hence  merely  widening  the  clearance  of  the  arma- 
ture will  to  some  extent  help ;  but  then  more  winding  will  be 
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wanted  on  the  magnet-cores.  The  polar  mass  behind  the  face 
may  be  nearly  divided  by  a  **  V  "  groove  ;  as  is  readily  done 
in  the  case  of  magnets  of  the  Manchester  type  (No.  24, 
Fig.  60)  and  other  forms  having  double  magnetic  circuits 
(as  No.  8,  Fig.  59  and  Fig.  69)  by  judicious  thinning,  or  by 
actual  separation,  as  in  No.  27,  Fig.  60,  between  the  right 
and  left-hand  halves,  and  so  throttle  the  cross-flux  of  magnetic 
lines.  To  prevent  weakening  of  the  structure  a  thin  web  is 
left  in  the  casting,  as  in  Fig.  143.  Another  suggestion,  made 
by  the  author  of  this  work  some  years  ago,  was  to  construct 
the  fleld-magnets  of  pieces  of  iron,  with  longitudinal  gaps,  as 
in  Fig.  144.     This  idea,  or  modifications  of  it,  may  be  seen 
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Fig.  144.  Fig.  145. 

embodied  in  many  modem  constructions,  including  some  of 
the  most  recent  railway  generators  of  the  Westinghouse 
Company. 

Another  modification  proposed  by  the  author  is  to  slot 
the  pole-piece  obliquely,  as  shown  in  Fig.  145  ;  for  then  the 
neck  of  the  casting  becomes  highly  saturated  and  offers  great 
reluctance,  and  tends  to  prevent  distortion. 

The  device  shown  in  Plate  XIII.  is  due  to  Fischinger  of 
Dresden.  The  forward  pole  tip  is  made  of  cast  iron,  bolted 
obliquely  to  the  pole  core  which  is  of  cast  steel. 

Cross  Compounding  Remedies, — Elihu  Thomson  proposed 
to  place  a  compounding  coil  on  a  separate  frame  surrounding 
the  armature,  and  to  tilt  it  in  a  direction  counter  to  the  rotation 
so  as  partially  to  counteract  the  cross  force.  Swinburne* 
suggested  that  a  small  auxiliary  coil  (in   series)  should  be 

*  Journ,  Soc,  TeUg,  Engineers,  xv.  542,  1886. 
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wound  upon  the  tip  of  the  pole,  as  in  Fig.  146a,  to  maintain  a 
reversing  field  at  that  point.    Mather/  Housman,*  and  Swin- 


1 


'  La  Lumiire  £lectriqut,  xix.  404,  1885. 

'  ymirn.  Inst.  El.  Engineers,  w.  I99,  1891, 
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bume  ^  have  all  advocated  the  use  of  auxiliary  poles  at  right- 
angles  to  the  main  poles  (as  in  Fig.  143),  wound  with  main 
circuit  coils  to  counteract  the  armature  force.  The  author  of 
this  treatise  suggested  a  sort  of  compound  winding  having 
series  and  shunt  poles  at  different  angles  (Fig.  146^)  so  that  as 
the  armature  reaction  tended  to  shift  the  field  forward,  the 
field  should  automatically  shift  itself  back.  Menges,^  in  1884, 
proposed  a  cross  compound  winding  having  the  auxiliary 
series  coils  set  to  produce  a  field  at  right  angles  (Fig.  146^)  to 
the  ordinary  field.  He  also  suggested  winding  series  coils 
around  the  polar  parts  of  a  machine  with  double  magnetic 
circuit,  as  in  Fig.  146/".  Fischer-Hinnen  *  winds  these  coils  in 
a  notch  at  the  centre  of  the  pole-face  (Fig.  146^),  a  construction 
which  independently  occurred  to  Prof.  Forbes,  to  Mr.  Mordey 
and  the  author. 

Prof.  Elihu  Thomson*  has  proposed  yet  another  solution 
(Fig.  146^),  in  which,  by  the  use  of  auxiliary  unwound  poles 
presented,  at  right  angles,  to  the  armature,  he  leads  off  the 
cross-flux  into  the  back  of  the  wound  poles,  and  uses  it  to 
strengthen  the  field,  instead  of  weakening  it. 

The  most  complete  solution,  however,  is  that  given  by 
Prof.  Ryan,*  who  inserts  a  number  of  coils  in  slpts  cut  in  the 
pole-face  parallel  to  the  shaft,  to  receive  a  series  winding, 
which  thus  constitutes  approximately  a  neutralizing  layer  of 
coils  with  a  circulation  of  current  equal  and  opposite  to 
that  of  the  armature.  Fig.  147  shows  a  design  of  Ryan's 
with  the  coils  arranged  in  slots.  In  such  machines*  the  mag- 
netization does  not  drop  with  the  load,  nor  does  the  neutral 
point  shift.     Further,  the  gap-space  may  be  made  very  small, 

*  Sec  Swinburne  (Journ,  I.E,E.,  autx.  105,  1890) ;  and  Housman  (/^.,  xx. 
299,  1891),  who  maintained  that  if  ^  =  7000  under  the  pole-piece,  the  auxiliary 
field  for  reversing  must  be  at  least  =  3000.  '  D.  R.  P.  No.  34,465. 

'  Berechnung  eWiiriscker  Gleichstrom-maschinen  (Zurich,  1892). 

*  EUctrical  Review  (N.Y.),  xxvii.  18,  July  1895. 

*  **  On   a  Method  of   Balancing    Armature    Reaction,"   Sibley  Journat.  of 
Engineerings  vii.  17,  Oct  1892 ;  see  also  Ryan  and  M.  £.  Thompson,  Am.  Inst, 
of  EUctrical  Engineers y  1895,  where  tests  are  given  of  such  machines  ;  reprinted 
in  Electrician,  xxxiv.  765,  April  19,   1895.     ^^  ^^^  Electrician,  Jan.  14,  1898, 
for  an  article  by  J.  Fischer-Hinnen  relating  to  this  method. 

*  See  Oerlikon  High  Speed  Generator,  Fig.  482. 
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reducing  the  weight  of  the  field  windings.  The  entire  absence 
of  distortion  of  field  at  all  loads  is  a  gain  ;  but  for  absolutely 
sparkless  collection  it  seems  better  to  provide  a  special  com- 


Fir..  147.— Ryan's  Dvnamo,  with  Ckoss-com pound  Con.s, 

muting  field  than  to  depend  on  finding  one  somewhere  in  the 
fringe  near  the  pole-tip.  This  Ryan  proposes  to  accomplish 
as  shown  in  Fig.  148  by  bridging  the  space  between  the  poles 
C  D  by  an  iron  structure,  slotted  at  *  /w  nop,  to  receive  the 


compensating  conductors,  and  provided  with  a  special  commu- 
tating  lug  g  in  the  centre  of  these  windings.  At  no  load  this 
lug  is  nof  magnetized  ;  but  as  load  increases  the  excess  of 
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ampere-tums  in  these  compensating  windings  over  the  cross 
ampere-turns  of  the  armature  tends  to  magnetize  g  in  the 
direction  of  the  arrow,  giving  a  commutating  field  always  pro- 
portional to  the  current  to  be  commutated.  Deri  has  recently 
revived  this  proposal,  using  as  field-magnet  a  laminated  struc- 
ture resembling  the  stator  of  a  two-phase  motor. 

The  device  of  Hutin  and  Leblanc,  Fig.  146A,  called  an 
aniortisseur,  consists  of  a  series  of  rods  of  copper  carried 
through  slots  in  the  pole-faces,  all  short  circuited  together  at 
their  ends  like  an  embedded  squirrel-cage.    This  device  is  sup- 


d/ 


Fig.  149. — Various  Forms  of  Pole-tips. 


posed  to  prevent  oscillations  in  the  direction  of  the  magnetic 
flux  which  occur  at  commutation.  It  can  be  usefully  em- 
ployed also  with  alternate-current  machines,  as  when  used  in 
this  connection  it  greatly  facilitates  good  parallel  running. 

Concentration  of  Field, — There  are  other  methods  of  pre- 
serving the  requisite  concentration  of  field  at  the  leading  edge 
of  the  pole.  It  is  obviously  desirable  that  the  field  should  be 
magnetically  rigid— not  easily  distorted.  This  stiffness  ol 
field  can  be  partially  secured  by  judicious  shaping  of  pole- 
pieces.     A  simple  notch   in   the   pole-face,   as   in  Fig.  146^ 


268  Dynamo- Electric  Machinery. 

promotes  concentration  of  the  field  in  the  tip.  If  the  tip  is 
itself  nearly  saturated,  the  tendency  to  distortion  may  produce 
less  effect  than  if  it  were  far  from  saturation.  But  it  is  not  on 
this  account  worth  while  to  make  the  tips  of  cast  iron  instead 
of  wrought,  as  they  then  saturate  with  a  less  flux.  Tips 
widely  separated,  like  Fig.  149^,  are  not  always  good,  even 
though  thin.  It  is  better  that  they  should  either  be  extended 
like  Fig.  149^,  nearly  to  meet,  so  that  they  may  be  saturated 
by  the  leakage  field,  or  else  cut  off  like  Fig.  149^.  Dobro- 
wolsky  has  recommended  the  bushed  pole  (Fig.  149^,  in  which 
the  armature  is  completely  surrounded  with  iron. 

In  the  eighties  M. 
Gravier  proposed  the  un- 
symmetrical  form  of  pole- 
piece  shown  in  Fig.  150; 
the  forward  horn  being 
elongated,  the  hindward 
horn  truncated.  When 
Fig.  150.  the    machine    is    working 

at  small  loads  the  field  in 
the  gap  is  nearly  uniform :  but  at  great  loads  with  distort- 
ing reactions  having  a  tendency  to  drive  the  flux  into  the 
forward  pole-horn,  the  small  section  of  the  latter  causes  it 
to  become  saturated,  thus  minimising  distortion. 

Mr.  Lundell  has  combined  with  this  device  the  method  ol 
slotting  the  pole ;  and  has  produced  the  form  shown  in 
Fig.  151,  which  is  said  to  answer  well,  and  to  enable  a  fixed 
position  to  be  given  to  the  brushes. 

A  simpler  plan  still  is  to  make  the  pole-shoes  of  cast  iron, 
while  the  cores  are  of  cast  steel,  or  of  iron  plate  (see  p.  691). 

These  forms  differ  very  greatly  as  to  the  width  of  fringe 
which  they  permit  in  the  field.  It  is  of  advantage  that  the 
field  should  present,  where  the  conductors  enter,  a  margin  in 
which  the  flux-density  varies  from  zero  to  a  high  value.  If 
this  margin  is  too  narrow,  the  neutral  point  will  be  very  well 
defined,  and  the  brushes  need  very  accurate  adjustment.  If 
it  is  too  wide,  the  variations  of  lead  at  different  loads  may  be 

• 

excessive.     One  way  of  securing  a  suitable  fringe,  and  at  the 
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same  time  maintaining  fair  rigidity  against  distortion,  is  to 
bore  the  polar  faces  to  a  different  and  flatter  curve,  so  that  the 
polar  gap  is  narrowest  at  the  middle  and  wider  at  entrance 
and  exit,  as  in  Fig.  152.  Another  way,  which  has  been  found 
excellent  by  Mr.  Brown,  for  his  well-known  multipolarmachines 
(Fig.  403),  is  to  make  the  inwardly  projecting  poles  of  circular 
section,  without  any  pole-shoes  or  extensions.  The  end-face 
of  the  pole  when  bored  away  presents  a  sufficient  lip,  and 
secures  a  well  graduated  field  of  sufficient  stiffiiess.    See  also 

Fig.  450,  p.  713. 


Fig.  151. 
Li7XDKLL*s  Form  of  Pole. 


Fig.  152. 
Non-concentric  Polbs. 


Another  device  for  securing  a  gradual  entrance  of  the 
armature  conductors  into  the  field  is  to  give  to  the  hindward 
edge  of  the  pole-shoe  an  oblique  direction.  This  is  to  be  seen 
in  the  dynamo  of  Kolben,  Plate  XVIII.,  and  Fig.  153a,  and  in 
many  of  Schuckert's  machines.  Other  makers  shape  away 
the  pole-shoes  with  polygonal  ends,  as  in  Parshall's  machine, 
Plate  X.,  p.  680,  and  Fig.  153^,  or  with  clawed  ends  as  in 
the  machine  of  the  English  Electric  Manufacturing  Co., 
Fig.  442,  p.  693,  and  Fig.  153^.  A  recent  type  of  Ganz 
and  Co.  with  laminated  pole-tips  cut  away  in  alternate  layers, 
is  depicted  in  Plate  XXIII.  In  the  two  last  cases  the  extra 
saturation  of  the  tips  helps  to  prevent  distortion. 

Mr.  W.  R.  V.  Marshall  has  proposed  ^  to  attain  saturation 
by  attaching   groups   of   short   laminated  iron   plates,   with 


*  Specification  of  Patent  No.  18530  of  1901. 
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narrow  spaces  between,  thus  reducing  the  nett  section  while 
preserving  nearly  as  much  effective  pole  surface. 

Self'  compensating  A  rmatures,  —  Turning  to  armature 
methods  of  compensation,  we  find  several  devices.  Swin- 
burne's chord  winding  (p.  354)  diminishes  the  demagnetizing 
but  not  the  cross-magnetizing  force.  It  has  the  disadvantage 
that  the  two  edges  of  any  sectio&  are  not  both  passing  at  the 
same  instant  into  a  commutating  field  ;  hence  it  is  not  good 
for  handling  large  outputs  in  machines  with  small  clearance. 
Its  service  is  to  create  a  machine  which  up  to  its  spark-limit  has 
so  little  demagnetizing  reaction  that  the  excitation  does  not 
require  to  be  increased  to  keep  up  the  pressure  as  the  load  in- 
creases. A  modified  chord  winding  for  use  with  slotted  arma- 
tures has  met  with  considerable  success  at  the  hands  of  Mr. 
Mordey,^  who  claims  for  it  many  advantages. 


Fig.  153^1. 


Fig.  153^. 


Fig.  153^. 


The  best  suggestions  are  those  of  Sayers,^  who  connects 
the  bars  of  his  commutator  to  the  appropriate  point  on  the 
ring  or  drum  winding,  not  directly  in  the  ordinary  way  by 
radial  connectors,  but  through  auxiliary  compensating  coils 
wound  also  upon  the  armature.  One  of  these  commutator 
coils  is  shown  in  Fig.  154,  one  end  being  attached  to  the 
junction  between  two  main  armature  coils  and  the  other  end 
being  attached  to  a  commutator  bar.  At  the  instant  before 
the  bar  comes  in  contact  with  the  brush  the  whole  armature 
current  is  being  carried  by  a  commutator  coil  immediately 
ahead  of  the  one  shown  in  the  figure.  When  the  heel  of  the 
brush  touches  the  bar,  the  left  side  of  the  commutator  coil 
belonging  to  it  is  well  under  the  pole-piece,  so  that  it  tends 

*  See  y&urnal  Inst,  E.E.,  vol.  xxvi.  No.  130. 
Inst.  Elec,  Eng,^  July  1893,  xxii.  377;    1895,  xxiv.  122 ;   and  xxvi.  597, 
May  1897. 
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to  take  up  the  current  ;  while  the  commutator  coil  preceding 
it  has  its  right  side  just  coming  under  the  auxiliary  pole 
tending  to  stop  the  current  in  it  and  reverse  it  in  the  inter- 
mediate main  armature  winding.  The  commutator  coil  in 
Fig.  154  has  just  taken  up  the  current.  A  moment  later  its 
right  sid;  will  come  under  the  au.xiliary  pole,  which  will  stop 
the  current  in  it  and  pass  it  on  to  the  next  commutator  coil. 
Sometimes  the  auxiliary  pole  is  wound  as  shown  in  Fig.  143, 
The  main  advantage  of  Sayers'  winding  is  that  instead  of 


Fig.  154.— Savers'  Compensating  Windiho  with  Commutator  Coils. 

putting  the  brushes  forward  he  is  able  to  give  them  a  back- 
ward lead  so  that  the  armature  current  exercises  a  helpful 
magnetizing  action  and  obviates  the  need  of  any  compound 
winding  on  the  field-magnets. 

Hobart  has  discussed'  the  relation  of  brush-position  to 
armature  interference,  in  which  he  investigates  the  possibility 
of  giving  generators  a  backward  lead  so  as  to  be  self- 
compounding. 

'  Electrical  RaiiiWf  1.  319,  Feb.  and  Mar.  1902. 
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It  is  an  open  question  whether  the  employment  01  any  of 
the  more  elaborate  devices  enumerated  above  can  come 
commercially  into  use,  except,  perhaps,  for  machines  of 
moderate  output.  An  examination  of  the  largest  machines  of 
the  present  day,  about  which  there  can  be  no  question  as  to 
successful  operation,  invariably  shows  that  the  heating  limit  is 
reached  before  the  point  at  which  sparking  occurs.  The 
freedom  from  sparking  is  obtained  by  careful  designing  and 
by  multipolar  construction.  The  special  points  to  be. attended 
to  are : — 

1.  The  reacting  ampere-turns  per  pole  must  not  exceed 
certain  fairly  definite  values  in  machines  of  a  given  type. 
A  safe  figure  is  io,oco  armature  ampere  conductors  per  pole, 
provided  the  average  volts  per  segment  do  not  exceed  10  ;  or 
20,000  if  the  average  volts  per  segment  do  not  exceed  5. 

2.  Large  air-gaps  are  unnecessary  if  the  armature  teeth 
are  very  highly  saturated,  for  this  tends  to  diminish  both  de- 
and  cross-magnetization,  A  flux-density  in  the  tefeth  of  20,coo 
to  23,000  (apparent)  lines  per  square  centimetre  or  125,000 
to  1 50,000  per  square  inch  is  appropriate. 

3.  Armatures  should  be  as  short  as  possible  in  the  axial 
direction,  in  accordance  with  condition  (2),  p.  250. 

4.  The  inductance  of  the  short-circuited  coils  must  be 
small  in  comparison  with  the  contact-resistance,  while  at  the 
same  time  the  current-density  in  the  brushes  used  must  not 
exceed  certain  well-defined  limits. 

From  the  nature  of  things  these  constants  are  not  indepen- 
dent of  one  another. 

Reactance  Voltage, — Great  stress  has  been  laid  by  Mr.  Par- 
shall  upon  the  importance  of  the  quantity  which  he  terms 
reactance  voltage  ^  and  which  he  regards  as  the  vital  considera- 
tion in  determining  whether  a  machine  of  given  design  will 
or  will  not  commute  its  current  sparklessly.  The  fundamental 
idea  is  as  follows.  During  the  act  of  commutation  the  current 
in  any  one  section  of  the  winding  must  first  die  down  to  zero, 
and  then  reverse  and  increase  up  to  its  former  value.  This 
reversal  of  the  current  in  the  section  takes  a  certain  time.    Now 

*  Parshall  and  Hobart,  Electric  Generators  (1900),  p.  175. 
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we  know  that  all  increase  and  decrease  of  the  current  in  any 
conductor  is  opposed  by  the  self-induction  of  that  conductor, 
and  that  if  the  conductor  lies — as  the  conductors  of  armatures 
usually  do — largely  surrounded  by  iron,  the  self-induction  of 
the  conductor  will  make  it  act  as  a  choking  coil  to  retard  the 
reversal  of  the  current  by  counter-electromotive  forces.  And, 
just  as  one  can  in  the  case  of  choking  coils  calculate  the  voltage 
due  to  the  reactance  evolved  by  any  specified  alternating  cur- 
rent of  known  frequency,  so,  if  we  assume  that  the  variatiofts 
of  the  current  during  the  act  of  commutation  may  be  represented 
by  a  half 'period  of  an  alternating  current,  we  can  also  in  this 
case  calculate  the  reactance-voltage,  provided  the  coefficient  of 
self-induction  of  the  loop  of  conductor  under  commutation  be 
also  known.  In  the  case  of  a  choking  coil  in  which  the  coeffi- 
cient of  self-induction  is  L  henries  the  current  C  amperes, 
and  the  frequency  of  alternation  n  periods  per  second,  the 
reactance  voltage  is  equal  to  2  7r  ;i  L  C.  To  apply  this  calcu- 
lation to  the  commutation  of  a  dynamo  we  have  to  learn  first 
how  to  calculate  {a)  the  equivalent  frequency  of  reversal,  and 
{b)  the  coefficient  of  self-induction.  If  we  divide  the  breadth 
of  the  brush  by  the  peripheral  speed  of  the  commutator  we 
ascertain  the  time  taken  for  the  reversal  of  the  current :  and 
doubling  this  time  gives  us  the  equivalent  "period,"  the 
reciprocal  of  which  will  be  the  equivalent  frequency.  Further, 
if  we  estimate  the  number  of  magnetic  lines  that  are  generated 
in  the  surrounding  space  (iron  and  air)  by  one  ampere  in  one 
inch  length  ^  of  the  conductoj,  we  can  calculate  thence  the 
number  of  self-induced  lines  for  the  actual  loop  by  multiplying 
by  the  current  in  it  and  by  the  length  of  its  embedded  part. 
If  more  than  one  turn  is  being  commuted  at  one  time  under 
the  brush  we  must  also  multiply  by  that  number.  To  reduce 
the  number  of  lines  to  henries  we  must  divide  by  10®.  Having 
thus  all  the  data,  the  calculation  of  the  reactance-voltage  is 
simple. 

Example:  This  is  taken  from  the  case  of  the  lo-pole  tramway 

*  Parshall  gives  four  lines  per  ampere  per  centimetre  for  an  embedded  con- 
ductor, and  o*8  lines  for  a  conductor  free  in  air.  Rothert  gives  8  lines  per  ampere 
per  centimetre,  which  is  20*  3  lines  per  ampere  per  inch,  for  an  embedded  conductor. 

I.  T 
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generator  described  on  p.  678  (Parshall's  550  kw.).  This  machine 
has  a  parallel-wound  armature  with  300  slots,  6  conductors  per  slot, 
and  carrying  100  amperes.  The  commutator  has  900  segments,  with 
one  turn  of  winding  per  segment.  The  commutator  diameter  is 
86  inches ;  its  periphery  272  inches  \  and  at  90  revolutions  per  minute 
its  peripheral  speed  is  408  inches  per  second.  The  carbon  brushes 
are  about  o  •  8  inch  wide,  and  therefore  cover  about  three  segments  of 
commutator  at  one  time.  Hence  three  loops  or  six  conductors  are 
short-circuited  at  one  time.  The  gross  length  of  the  core-tody  is 
20 J  inches.     So  we  calculate  as  follows  : — 

Assuming  25  lines  per  ampere  per  inch  of  embedded  conductor, 
the  flux  surrounding  i  conductor  20*5  inches  long,  will  be  5 1 2  •  5  lines 
per  I  ampere  ;  or  for  6  conductors  3075  lines  per  ampere.  Dividing 
by  10*  brings  this  to  0*00003075  henry  as  the  coefficient  hi  self- 
induction.  The  time  taken  to  reverse  the  current  will  be  0*759  (/>. 
o  *  8  inch,  less  the  thickness  of  one  piece  of  mica)  divided  by  the 
peripheral  speed  of  408  inches  per  second,  or  0*00196  second  = 
■ffTTT  second.  This  is  one  reversal,  equal  to  half  a  "  period."  The 
duration  therefore  of  the  "  equivalent  period  "  is  ^i?  second,  whence 
the  equivalent  "  frequency  of  commutation "  is  254  per  second. 
Hence  by  formula  E  =  2  tt  «  L  C,  we  find  the  reactance-voltage  to  be 
2^  X  254  X  0*00003075  X  100  =  3*9  volts. 

Now,  assuming  that  there  is  a  reactance-voltage  thus 
generated  in  the  loop  during  commutation,  it  is  clear  that  in 
order  to  effect  reversal  in  spite  of  this  opposing  electromotive- 
force,  there  must  be  imposed  upon  the  loop  some  induced 
electromotive-force  at  least  as  great.  This  reversing  electro- 
motive-force is  that  due  to  commutation  occurring  in  the 
fringe  of  the  polar  field.  To  make  certain  that  reversal  shall 
take  place  in  the  time  allowed  for  the  act  of  commutation, 
the  reversing  electromotive-force  ought,  therefore,  to  be 
considerably  greater  than  this  reactance- volt  age.  In  the 
example  given  above  where  the  reactance-voltage  was  found 
to  be  3*9  volts,  the  average  electromotive-force  generated,  per 
segment  of  the  commutator,  was  6*  i  volts. 

The  objection  to  this  use  of  the  "reactance-voltage  "  as  a 
criterion  is  that  it  is  based  upon  an  assumption,  not  justified 
in  fact,  that  the  variation  of  the  current  during  the  time  of 
commutation  follows  a  sine-curve.     The  researches  of  Everett 
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and  Peake  ^  and  those  of  H.  N.  Allen,^  show  that  the  variation 
is  more  complicated,  and  that  in  general  the  reaction-voltage 
will  be  higher  than  that  calculated  on  the  assumptions  named. 
Further,  the  presence  of  an  induced  electromotive-force 
sufficient  to  overcome  the  reactance- voltage  depends  not  on  the 
average  electromotive-force  per  segment  of  the  commutator 
but  on  the  particular  electromotive- force  induced  in  the  loop 
while  it  passes  through  the  fringe  of  the  polar  field. 

Hobart  has  shown  ^  that  the  self-induction  of  the  "  free  " 
portions^of  the  armature  conductors  which  are  not  embedded 
in  the  slots,  may  be  considerable.  In  many  multipolar  arma- 
tures the  length  of  the  '*  free  "  part  may  be  three  or  four 
times  the  length  of  the  "  embedded  "  part ;  and  as  the  induct- 
ance (per  ampere  per  inch)  of  the  free  part  is  from  i  to  ^  part  of 
that  of  the  ** embedded"  part,  it  follows  that  the  actual 
inductance  of  the  "  free  "  part  may  constitute  from  25  to  40 
per  cent,  of  the  total  inductance  of  a  loop. 

Rothert  gives  rules  for  calculating  reactance-voltage, 
which  are  equivalent  to  the  following  : — 

"  N  x/ 

e^  =  ios-6  X  lo-"  X  Z!2^e^_P:J^L^_C..x  (/"  +  /'»)  . 

where  ^  is  the  number  of  conductors  in  one  element  of  the 
winding ;  /'  the  length  of  the  embedded  part ;  and  l!\  that 
of  the  free  part  of  one  conductor ;  Kw  the  output ;  Ci 
the  current  in  one  conductor ;  and  N,  K,  Z  and  /  have  their 
usual  significations. 

The  opinion  of  designers  seems  to  be  that  if  copper  brushes 
are  used  the  reactance-voltage  must  not  exceed  about  half 
the  average  electromotive- force  per  segment,  while  with  carbon 

»   751/  Electrician,  xl.  86l,  Ap.  22,  1898  ;  and  xlii.  328,  Dec.  30,  1898. 
*  Journ.  Inst.  El,  Engineers^  xxvii.  209,  April  1898. 

»  7J.,  xxxi.  170,  Sept.  1901  ;  an  important  paper  with  valuable  experimental 
investigations,  and  discussion. 

T   2 
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brushes  it  may  be  i  •  2  times  as  great  in  dynamos,  or   i  •  8 
times  as  great  in  motors. 

Sparking  Criterion, — Based  upon  experience  with  certain 
types  of  machines,  many  designers  are  able  to  predict  from 
the  working  drawings  and  data  whether  a  given  machine  will 
carry  its  rated  load  sparklessly  or  not,  and  the  empirical  rules 
used  in  this  connection  are  frequently  of  very  great  value  if 
properly  used.  A  rule  that  has  been  much  used  by  designers, 
and  which  is  moreover  very  easy  to  apply,  is  that  the  flux- 
density  under  the  backward  pole-horn  shall  not  be  less  than 
20,000  lines  per  square  inch  for  ring  and  13,000  for  drum 
armatures.  That  is  to  say,  if  X^  denotes  the  ampere  turns 
per  pair  of  poles  required  for  the  double  air-gap,  and  X^  denotes 
the  cross-magnetizing  ampere-turns  (equal  to  the  number  of 
conductors  lying  under  one  pole  multiplied  by  the  current  in 
them),  then 

X^  —  X^  = 
X, 


B^  X  -  '^ ^ — ^  >  1 3,000  to  20,000 


^g 


where  B^  is  the  flux-density  in  the  air-gap  in  lines  per  square 
inch.  For  railway  or  similar  motors,  in  which  the  direction  of 
rotation  requires  to  be  reversed,  the  constant  must  be  taken 
higher,  and  is  of  the  order  of  25,000  to  30,000.  But  although 
such  an  empirical  rule  may  give  good  results  with  machines 
of  a  particular  type,  whose  winding  and  magnetic  constants 
do  not  vary  very  much  with  size,  it  is  clear  that  its  sphere  of 
application  is  limited,  and  moreover,  it  must  be  used  with 
caution  in  every  case. 

A  rule  which  is  found  satisfactory  in  the  design  of  large 
generators  for  traction  and  lighting,  working  at  400  to  600 
volts,  is  this  : — that  if  the  design  is  such  that  not  more  than 
200  amperes  are  to  be  collected  at  any  one  set  of  brushes,  if 
the  average  flux-density  in  the  gaps  is  not  less  than  40,000 
lines  per  square  inch,  and  if  the  teeth  are  well  saturated,  the 
machine  will  run  si^zxV\ess\y  if  the  number  of  ampere-cofidtutors 
does  not  exceed  6y^  per  inch  of  the  periphery  of  the  armature. 
The  number  oi  ampere-conductors  per  inch  of  periphery  varies, 
in  the  machines   described   in  this  book,  from  350  to  700. 
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Parshall  mentions  a  12-pole  machine  in  which  the  value  was 
728,  and  a  lo-pole  machine  in  which  it  reached  840 ;  but 
neither  of  these  machines  would  run  sparklessly  at  all  loads 
with  fixed  brushes. 

A  good  criterion  is  the  ratio  of  t/te  flux-density  in  tfte  gap 
to  t/te  ampereconductors  per  inch  of  periphery.  The  former  has 
usually  values  approximating  to  50,000,  while  the  latter  is 
usually  from  500  to  600.  This  ratio  is,  therefore,  of  the  order 
of  magnitude  of  80  to  100.  It  may  be  briefly  called  the 
stiffness-ratio.  If  higher,  the  machine  is  unnecessarily  heavy ; 
if  lower,  it  may  be  prone  to  spark  at  high  loads. 

Another  criterion  of  goodness  of  commutation  is  the  value 
of  the  stiffness-ratio  as  compared  with  the  volts  per  segment  of 
the  commutator.  The  latter  varies  (see  p.  483)  in  machines  of 
different  voltages.  In  lOO-volt  machines  the  voltage  per  bar 
may  be  taken  as  about  3.  In  these,  then,  the  stiffness-ratio 
(of  80  or  100)  divided  by  the  volts  per  segment  gives  the 
commutation-ratio  as  from  27  to  33.  In  500-volt  machines, 
taking  voltage  per  bar  as  about  6,  gives  13  to  16  as  the 
commutation-ratio.  Any  lower  values  than  these  should  be 
looked  upon  with  suspicion. 

Yet  another  criterion  is  to  compare  the  number  of  ampere- 
turns  of  excitation  needed  at  full  load  to  drive  the  flux  through 
the  gap  and  teeth,  with  the  whole  number  of  ampere-con- 
ductors (at  full-load)  that  lie  under  one  pole-face.  This  is  a 
comparison  in  effect  between  the  magneto-motive  force  that 
can  resist  distortion,  with  the  ampere-turns  tending  to  distort 
the  field.  A  couple  of  examples  from  machines  known  to 
commute  well  at  all  loads  will  suffice  : — 

In  Parshairs  550  kilowatt  generator,  p.  678,  the  number 
of  ampere-turns  spent  on  gap  and  teeth  is  6600  per  pole, 
while  the  distorting  ampere-conductors  under  one  pole 
amount  to  14400,  making  the  ratio  of  the  former  to  the 
latter  o*  45. 

In  the  Scott  and  Mountain  150  kilowatt  generator,  p.  582, 
the  ampere-turns  for  gap  and  teeth  amount  to  8350,  while 
the  distorting  ampere-conductors  are  13000,  making  the  ratio 
0*64. 
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Mr.  Kapp  has  suggested  two  other  criteria,  involving  the 
use  of  arbitrary  coefficients,  which  are  here  stated  in  British 
units. 

Let  B3  be  the  flux-density  (lines  per  square  inch)  in  the  gap, 
„    X^  be  the  number  of  ampere  conductors  per  inch  of  armature 

periphery, 
„     K  be  the  total  number  of  commutator  segments, 
„     k^  be  the  number  of  commutator  segments  short-circuited 

together  by  any  one  brush, 
„    Yi  be  an  empirical  numeric, 
„    Y2  be  a  second  empirical  numeric, 

„      g  be  the  length  across  one  air-gap  (iron  to  iron),  in  inches, 
„      d  be  the  diameter  of  the  armature,  in  inches. 

Then  iki^  first  criterion  is  that 

Yx  =  D3  X  ^2  "^  '^0  > 

where  for  good  results,  in 

slotted  drum  armatures,  Yi  should  not  come  less  than  38 
»       ring  „  „  „  „  60 

The  second  criterion  is  that 

Y2  =  K^-^rf(i-f/&2); 

where  for  good  results 

with  metal  brushes,  ¥3  should  not  fall  below  the  value  i  '2 
„     carbon      „        Yj  „  „  „  0*6 

It  may  be  taken  that  carbon  brushes  will  commute  spark- 
lessly,  without  any  lead,  provided  the  design  is  such  that  if 
the  machine  is  run  at  normal  speed,  short-circuited,  and 
excited  to  such  a  degree  that  it  generates  normal  current  on 
short-circuit,  there  is  not  generated  more  than  2  volts  between 
two  segments  as  they  pass  the  neutral  point ;  for  the  voltage- 
drop  at  the  brush  can  compensate  2  volts  without  having  any 
reversing  field. 
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CHAPTER  XI. 

ELEMENTARY  THEORY  OF  THE  DYNAMO.  MAGNETO,  AND 
SEPARATELY  -  EXCITED  MACHINES.  SELF  -  EXCITING 
MACHINES. 

In  all  that  follows,  the  armature  is  regarded  merely  as  con- 
sisting of  a  certain  number  Z  of  conductors,  grouped  in  a 
particular  way  around  an  axis  of  rotation,  their  function  being 
to  cut  across  the  magnetic  lines  that  are  furnished  by  the 
magnetic  circuit  The  symbol  N  stands  for  the  magnetic  flux 
per  pole ;  that  is  the  whole  number  of  magnetic  lines  that  cross 
the  air-gap  to  or  from  any  one  pole ;  the  strength  of  all  the  poles 
being  assumed  to  be  equal. 

The  number  of  revolutions  per  second  made  by  the 
armature  is  denoted  by  the  symbol  n.  It  is  found  that  the 
average  electromotive-force  generated  by  the  armature  is 
simply  proportional  to  each  of  these  quantities,  so  that  by 
taking  the  appropriate  units  we  may  write,  as  will  presently 
be  seen,  for  the  fundamental  equation 

(average)  E  =  ;/  Z  N  -f-  lo*    .      .      .     [I.] 

In  the  present  chapter  is  first  found  this  expression,  which 
serves  as  the  fundamental  equation.  Then  by  introducing 
appropriate  formulae  for  the  various  circuits,  equations  are 
deduced  for  the  various  kinds  of  series-wound,  shunt-wound 
and  compound-wound  dynamos. 

Symbols  Used. 

It  may  be  well  to  point  out  that  in  this  and  the  succeeding  chapter 
the  following  symbols  are  used  in  the  following  significations : — 


; 


expressed 

in 

volts. 
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b        number  of  external  wires  in  a  section  of  the  armature. 

C       current  in  external  circuit,  ^      expressed 

C.»      current  in  armature,  I  • 

Cm     current  in  series  coil  or  main  circuit,  f      ^^m^^^ 

_  ....  I      amperes, 

Cx      current  m  shunt  coil,  / 

c        number  of  circuits  in  parallel  through  an  armature. 

K      number  of  segments  of  commutator. 

E       entire  electromotive-force  generated  in  an  arma-' 

ture, 
e        the  lost  volts  or  potential  drop, 

efficiency,  nett  or  commercial  (see  pp.  297  and  521) 
7i  economic  coefficient,  or  electrical  efficiency. 
172  gross  efficiency,  or  efficiency  of  conversion. 
F       force  (i.e.  push  or  pull),  expressed  in  either  dynes,  poundalsy 

gramme^  weight  or  pounds'  weight. 
L       coefficient  of  self-induction. 
X        angle  of  lead. 

M      volts  per  revolution  per  second,  or  effort-factor, 
ft        magnetic  permeability  of  iron. 
N       the  magnetic  flux,  or  whole  number  of  magnetic  lines  from  one 

pole. 
n       number  of  revolutions  per  second. 

V  coefficient  of  magnetic  dispersion,  or  of  allowance  for  magnetic 

leakage. 
p       number  of  poles. 
R       resistance  of  external  circuit, 

r«      resistance  of  armature  coils,  I     expressed 

rs       resistance  of  shunt  coils,  ^  in 

rm     resistance  of  series  coil  on  field-magnets,  f        ohms, 

r        internal  resistance  of  dynamo, 
S       number  of  spirals  or  turns  of  wire  in  coil. 
Sm-     number  of  turns  in  a  main  circuit  coil,  in  series  with  armature. 
64      number  of  turns  in  a  coil  in  shunt. 
T       torque,  or  turning  moment,  or  angular  force,  or  couple,  expressed  in 

dyne-centimetres^  gramme-centimetres,  metre-kilogrammes^ 

or  pound-feet,  according  to  circumstances. 
/        time  measured  in  seconds, 

V  surface  speed  \n  feet  per  minute, 

V  volts  at  terminals  of  dynamo  or  motor. 

W )     activity,  or  power,  or  work-per-second,  expressed  in  watts  or  in 

w  I  horse-power. 

Z        number  of   conductors  on    annature,   counted  all  round  the 

periphery. 
^       angle  of  pole  span. 
6)        angular  velocity  (expressed  in  r^z^/Vi«j-per-second). 
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Fundamental  Equation  of  Dynamo. 

To  find  the  average  electromotive-force  of  a  moving  con- 
ductor, we  must  remember  that,  by  definition,  see  page  59, 
this  is  (in  absolute  C.G.S.  units)  numerically  equal  to  the 
number  of  magnetic  lines  that  arc  cut  in  one  second  by 
the  conductor.  Also  the  practical  unit,  the  volty  being  by 
definition  equal  to  10^  absolute  C.G.S.  units  of  electromotive- 
force,  it  will  be  necessary  to  divide  the  number  of  C.G.S. 
units  by  10*  in  order  to  reduce  the  number  of  lines  per  second 
to  volts.  Further,  as  there  are  in  all  armatures  a  number  of 
conductors  in  series  with  one  another,  the  total  electromotive- 
force  of  the  dynamo  will  be  equal  to  the  sum  of  the  electro- 
motive-forces of  those  conductors  that  are  in  series  with  one 
another.  The  fundamental  equation  of  an  ordinary  dynamo 
with  ring  or  lap  winding  will  then  be  written  : — 

(average)  E  (in  volts)  =  «  Z  N  -f-  10®  .      .   [I.] 

Let  the  number  of  "  sections  "  in  the  armature  winding  be 
denominated  by  the  symbol  K  ;  the  number  of  "  segments  " 
or  "  bars  "  in  the  commutator  or  collector  will  also  be  K.  Let 
there  be  in  each  section  b  external  wires  or  conductors,  as 
counted  on  the  outside  .of  the  armature  core.  (In  ring- 
armatures  there  will  be  the  same  number  of  external  wires  as 
there  are  loops  or  windings  in  the  section  ;  in  drum-armatures 
there  are  twice  as  many  external  wires  as  there  are  loops  or 
windings  in  the  section.)  Then  the  number  of  external  con- 
ductors or  wires,  reckoned  all  round  the  armature,  will  be  ^  K  ; 
it  will  be  more  convenient  to  use  the  single  symbol  Z  for  this 
number.  The  number  of  external  conductors  or  wires  that 
are  in  series  with  one  another  electrically  from  brush  to  brush 

h  K 

will  be or  Z  -=-  r.     Now  let  the  armature  rotate  with  a 

c 

speed  of  n  revolutions  per  second.     (Engineers  usually  count 
the   revolutions  made  in  one  minute,  necessitating  division 

by  60  to  get  ;/).     Then  one  revolution  will  take  —  part  of 

n 
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I  second.     We  are  now  ready  to  calculate  the  electromotive- 
force. 

No,  of  lines  cut  by  \  external  wire  in 

I  revolution         .         •  .         .  =  /  N 

(because  each  wire  cuts  all  the  lines  under  all  the  poles)  ; 

No,  of  lines  cut  by  \  external  wire  in 

I  second      .  .  •  .  ,  =  ^^  N  ; 

No,  of  lines  cut  by  Zjc  external  wires  in 

series  in  i  second  .  .         ,  =  «/  X  N  Z  ^  f ; 

No,  of  lines  cut  by  Zjc  external  wires  in 

series  in  i  second ,  ,  .  .  =  wZN-^. 

c 

Average     electromotive-force     (in    C.G.S. 

units) =  «  Z  N^. 

Average  electromotive-force  (in  volts)        .  = ^  .  -.  [I^.] 

Whence,  in  all  parallel-wovind  armatures,  where  there  are  as 
many  circuits  through  the  armature  as  there  are  poles, 

nZ  N 

Average  electromotive-force  (in  volts)   ,      .  = g-  •      .  [I^.] 

For  brevity  this  may  be  written 

E  =  « M  ;       .      .      .      .     [Ic] 

J*  y  hi 
where  M  stands  for  •?. — ^^  :  being  the  number  of  volts  at  a 

c    10^ 

speed  of  one  revolution  per  second  on  the  supposition  that 

the  magnetic  flux  is  maintained.     The  interesting  thing  about 

this  quantity  M  is  that  torque  per  ampere  is  also  proportional 

to  it     It  may  be  called  the  effort-factor. 

For  many  purposes   it  is  more  convenient  to   have  the 

fundamental  equation  in  terms  of  the  angular  velocity.     Let 

the  symbol  cd  represent  the  angular  velocity.     Then  cd  =  2  tt  « ; 

for,  in  each  revolution,  the  angle  described  is  2  ir  radians  or 

360  degrees.     Consequently  «  =  &>  /  2  7r,  which  gives  ; 


O) 


(Average)  E  =   "1-  Z  N  -M0^     .     .     [W.] 

2  TT 


Fig.  i55.~Ideal  Simple  Dynamo. 
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It  will  be  observed  that  this  electromotive-force  is  simply 
an  average  ;  and  it  depends  on  the  construction  of  the  arma- 
ture how  much  fluctuation  there  is  in  the  value  during  a 
rotation. 

If,  as  in  Fig.  155,  the  armature  had  but  two  external  con- 
ductors forming  a  simple  loop,  then  the  electromotive-force 
would  fluctuate  between  zero  and  a  maximum.  Calling  the 
lowest  point  of  the  rotating  loop  in  its  vertical  position  0°,  then 
the  position  on  the  left  of  the  dotted  line  will  be  90°,  if  we 
reckon  the  rotation  in  _^ 

the  clockwise  direction.  ~^^\     fV^^    V 

The  top  point  will  be 
i8o^  and  the  point  on 
the  extreme  right  270°. 
Then  the  induced  elec- 
tromotive-force will  be 
zero  as  the  coil  passes 
through  0°  and  180° 
(for  at  the  positions  0°  and  180°  the  conductors  will  be 
sliding  along,  rather  than  cutting,  the  magnetic  lines),  and  a 
maximum  as  the  coil  passes  through  90°  and  270^  The  rate 
of  enclosing  or  "  cutting  *'  will  be  a  maximum  when  the  actual 
number  of  lines  enclosed  is  a  minimum^  and  vice  versa.  (See 
page  200.) 

At  any  intermediate  angle,  if  the  field  is  uniform,  the 
actual  number  of  lines  of  force  enclosed  is  proportional  to  the 
cosine  of  the  angle  through  which  the  coil  has  turned  from  its 
zero  position,  and  the  electromotive  force  will  be  proportional 
to  the'sine  of  the  angle.  Strictly  speaking,  we  ought  to  take 
the  sine  with  a  fiegative  value  to  represent  the  electromotive- 
force,  because  as  usually  defined  the  induced  electromotive- 
force  is  proportional  to  the  rate  of  decrease  in  the  number  of 
lines  of  force  enclosed.  We  need  not,  however,  trouble  about 
signs,  because,  if  the  brushes  are  properly  set  at  the  commu- 
tator, all  the  induced  electromotive-forces  are  thereby  made 
to  act  in  the  same  direction  through  the  external  circuit. 
The  angular  velocity  being  2irn,  the  angle  passed  through  in 
an  interval  of  time  of  /  seconds  will  be  2irn t.     Calling  this 
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angle  tf,  and  reckoning  it  from  the  lowest  point  as  before,  the 
electromotive-force  in  the  loop  at  any  time  /  may  be  calcu- 
lated as  follows : — The  number  of  lines  of  force  enclosed 
when  the  loop  has  turned  through  angle  tf  is  =  N  cos  0  = 
N  cos  2ir7it\  hence  the  rate  of  cutting  will  be  2  tt  «  N  sin  B. 
Now,  since  the  average  value  of  sin  tf,  between  the  limits 
0  ^c?  and  6  =  90°  is  2/7r,  the  average  electromotive-force 
per  loop  may  be  obtained  by  substituting  this  value,  giving  us 

Average  E  per  loop  =  4  «  N  lines  per  second. 

The  number  of  loops  that  are  in  series  between  brush  and 
brush  is  i;  Z,  in  a  bipolar  armature.  Inserting  this,  and 
dividing  by  10®  to  reduce  to  volts,  we  have  finally 

(Average)  E,  in  volts  =  «  Z  N  -r-  lO^ 

If  the  coil  consisted  of  many  turns  all  wound  in  one 
group,  like  the  Siemens  shuttle-wound  armature,  p.  46,  the 
same  expressions  would  obviously  hold  good  on  substituting 
the  proper  number  for  Z. 

Fbictuations  of  Electromotive-force. — As  explained  above, 
the  actual  induced  electromotive-force  is  proportional  to  the 
sine  of  the  angle  through  which  the  coil  has  turned,  or 

E  =  2  7r  «  N  sin  ^  X  i  Z  -^  10®, 
whence 

E=-^«ZNsin  tf-r-io«    .      .     •  [H.] 
2  *• 

As  6  increases  from  0°  to  360°  the  value  of  the  sine  goes  from 
o  to  I,  then  i  to  o,  from  o  to  —  i  and  from  —  i  back  to  o. 
The  values  of  the  sine  are  depicted  in  Fig,  1 56.  The  same 
curve  may  serve  then  to  show  how  the  electromotive-force 
would  fluctuate  if  there  were  no  commutator.  But  the  action 
of  the  commutator  is  to  commute  the  negative  inductions 
into  positive  ones  ;  the  brushes  being  so  arranged  as  to  slide 
from  one  part  of  the  commutator  to  the  other  at  the  moment 
when  the  inverse  induction  begins.  This  gives  the  curve  the 
form  of  Fig.  157,  which  therefore  represents  how  the  voltage 
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pulsates  in  the  circuit  of  a  simple  old-fashioned  shuttle-wound 
Siemens  armature.  Now  if  we  could  level  these  hills,  and 
change  our  undulating  induction  into  a  steady  one^  we  should 
get  a  single  straight  line,  shown  in  Fig.  1 57  as  a  dotted  line 
enclosing  below  it  a  rectangular  area  equal  to  the  sum  of  the 
areas  enclosed  by  the   sinuous  curves,  and   therefore  at   a 


Fig.  156. 

height  which  is  the  average  of  the  heights  of  all  the  points 
along  the  curves  ;  in  fact,  since  each  sinuous  curve  is  part  of  a 
curve  of  sines,  the  average  height  will  be  2/7r,  or  about  o  •  637 
of  the  maximum  height.  In  consequence  of  self-induction^  in 
the  coils,  the  current  will  not  actually  fluctuate  ^  as  much  as 
the  voltage,  the  hollows  being  jpartly  filled. 


J^O* 


Fluctuations  tn  a  Closed-coil  Armature, — As  shown  ^on 
pages  53  and  54,  it  is  usual  to  wind  armature  coils  for 
bipolar  dynamos  in  two  sets  connected  in  parallel.  If 
each  of  the  two  coils  consisted  of  100  turns,  their  joint 
effect   in   inducing  electromotive-force  would  be  no  greater 

*  See  remarks  by  Cromwell  F.  Varley  in  PhlL  Mag.^  1867,  and  by  Puluj  in 
Sitzutigsber,  Wiai.  Akad,,  Iltz,  May  1891. 
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than  that  of  either  of  them  separately,  but  the  internal 
resistance  of  the  armature  would  be  halved.  From  this  point 
onwards  in  the  argument  it  will  be  assumed  that  the  armature 
windings  consist  of/d/Vjofcoils.  Thus,  instead  of  one  coil  of 
2CX)  turns,  as  shown  in  Fig.  1 58,  we  shall  take  it  that  there  is  a 
pair  of  coils  each  of  100  turns,  as  in  Fig.  159. 

Now  suppose  that,  in  order  to  get  a  less  fluctuating  effect, 
we  divide  each  of  our  original  single  pairs  of  coils  into  two 


Fig.  158.  Fic.  159.  Fig.  160. 

parts,  and  set  these  at  right  angles  to  one  another.  To  take 
a  numerical  case,  suppose  there  were  originally  loo  turns  in 
each  coil,  and  we  split  each  into  two  coils  of  fifty  turns,  but 
set  them  across  one  another  so  that  one  comes  into  the  best 
position  in  the  field  as  the  other  is  going  out  of  it.  (This 
arrangement  is  indicated  in  Fig,  160,  which  may  be  contrasted 
with  Fig.  33.)     In  this  case  we  shall  have  two  sets  of  over- 


lapping curves,  each  of  which  will  have  to  be  but  half  as 
high  as  before,  because  the  equivalent  area  of  each  coil  is 
only  half  what  it  was  for  the  whole  coil.  Then,  if  there  were 
no  commutator,  the  induced  electromotive-force  in  the  two 
sets  of  coils  would  fluctuate  as  shown  by  the  two  curves  of 
Fig.  161,  which  differ  by  a  quarter  period  from  one  another. 
But  if  the  ends  of  the  two  "sections"  of  the  coil  are  joined 
to  a  proper  commutator,  all   the  "inverse"  inductions  will 
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be  commuted  into  *'  direct "  ones,  and  the  two  curves  would 
then  become  as  in  Fig.  162.  The  next  process  is  to  ascertain 
what  the  joint  result  of  these  overlapping  electromotive-forces 
will  be:  it  is  evident  that  from  0°  and  90**  the  two  inductive 
actions  are  assisting  one  another,  and  that  at  45*^  they  are 
equal.  The  curve  representing  the  sum  of  the  two  curves  is 
given  in  Fig.  163.     This  curve  shows  at]  once  a  step  towards 


360 


Fig.  162. 


contiiiuity,  as  the  fluctuations  are  far  less  than  those  of  the 
single  coil,  Fig.  157.  If,  as  before,  we  level  the  undulating 
tops  by  a  dotted  line,  we  get  precisely  the  same  height  as 
before.  The  total  amount  of  induction  (the  total  cutting  of 
lines  per  second)  is  the  same,  and  the  average  electromotive- 
force  is  the  same.  There  is  no  gain,  then,  in  the  total  electric 
work  resulting  from  rearranging  the  armature  coils  in  two 
sets  at  right  angles  to  each  other ;  but  there  is  a  real  gain  in 
the  greater  continuity  and  smoothness  of  the  current 


ViO' 


3tfO' 


Fig.  163, 


Fig.  164. 


If  we  again  split  our  coils  and  arrange  them  as  shown  in 
Fig.  164  at  angles  of  45°,  in  four  sets  of  pairs  of  coils  of 
twenty-five  turns  each,  and  connect  them  up  to  a  proper 
commutator,  we  shall  get  an  effect  which  is  very  easily  repre- 
sented by  constructing  two  curves,  each  similar  to  the  last 
but  each  of  half  the  height,  and  compounding  them  together 
(Fig.  165).  One  of  them  will  of  course  have  the  maximum 
heights  of  crests  occurring  45°  further  along  than  those  of  the 
other  curve ;  and  when  these  are  compounded  together  we  get 
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for  a  resultant  a  curve  shown  in  Fig.  i66,  which  has  exactly 
the  same  average  height  as  before,  but  which  has  still  less 
of  fluctuation.  It  is  easily  conceived  that  this  process  of 
dividing  the  coil  into  sections,  and  spacing  these  sections 
out  at  equal  angles  symmetrically,  would  give  us  a  result 
approaching  as  near  as  we  choose  to  an  absolutely  continuous 
one.  If  our  original  pair  of  coils  of  loo  turns  each  were  split 
into  twenty  sets  of  pairs  of  five  turns  each,  or  even  into  ten  sets 
of  pairs  of  ten  turns  each,  the  approach  to  a  continuity  would 
be  very  nearly  truly  attained. 


360' 


Calculation  of  Fluctuations, — If  the  variations  of  the  electromotive- 
force  literally  followed  a  sine  law,  it  would  not  be  difficult  to  calculate 
the  amount  of  fluctuation  when  a  commutator  with  any  particular 
number  of  segments  is  used.  Some  calculations  on  this  basis  given 
in  previous  editions  showed  that  with  a  20-part  commutator  the 
fluctuations  were  less  than  i  per  cent,  of  the  whole,  and  with  a 
36-part  commutator  they  were  less  than  i  of  i  per  cent.  But  as  a 
matter  of  fact  the  distribution  of  the  field  in  the  part  where  coils  are 
commuted  does  not  obey  any  such  law ;   and  in  the  absence  of 


J60< 


information  as  to  the  exact  way  in  which  the  induction  of  electro- 
motive-force varies  in  the  fringe  of  the  field,  such  calculations  may 
be  very  wide  of  the  mark.  It  suffices  to  know  that  a  20-part  com- 
mutator in  a  bi-polar  field  gives  fluctuations  that  are  practically 
negligible,  so  that  if  it  were  not  for  other  considerations — such 
as  avoidance  of  sparking — it  would  be  a  useless  refinement  to  em- 
ploy commutators  having  more  numerous  segments. 

Measurement  of  Fluctuation, — The  relative  amount  of  fluctuation 
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in  the  current  furnished  by  a  dynamo  may  be  observed  by  noticing 
the  inductive  effect  on  a  neighbouring  circuit  into  which  is  intro- 
duced a  Bell  telephone  receiver.  If  the  current  is  steady  there  will 
be  no  sound  heard.  If  it  fluctuate,  each  fluctuation  will  induce  a 
corresponding  secondary  current  in  the  telephone  circuit,  and  the 
amount  and  frequency  of  the  fluctuations  may  be  estimated  by  the 
loudness  and  pitch  of  the  sound  in  the  telephone.  The  fluctuations 
in  the  current  of  a  Brush  arc-light  dynamo  are  in  this  manner 
readily  detected. 

Effect  of  Non-simultaneous  Commutation. — If  the  brushes  are  not 
bO  set  that  the  sliding  of  contact  under  one  bmsh  is  not  accomplished 
at  the  same  instant  as  that  under  the  other  brushes,  then  it  is  clear  that 
there  will  be  slightly  unequal  electromotive-forces  in  the  different  paths 
in  the  armature  circuit.  This  momentary  inequality  will  die  out 
to  be  succeeded  by  another  inequality  (of  opposite  sign)  when  com- 
mutation occurs  at  the  other  brush.  The  effect  will  be  the  same 
as  though  a  small  alternating  current  having  n  K  periods  of  alterna- 
tion per  second  were  made  to  act  around  the  circuit  of  the  armature. 
Such  effects  may  be  occasioned  in  armatures  by  various  causes ;  if 
the  number  of  sections  in  an  armature  be  an  odd  number ;  if  the 
number  of  conductors  in  all  the  sections  are  not  alike  or  their 
connexions  are  unsymmetrical ;  or,  lastly,  if  the  contact  edges  of  any  of 
the  brushes  do  not  lie  exactly  at  the  neutral  points. 

Measurement  of  the  Flux  N. — An  important  problem  is  how  to 
measure  the  actual  number  of  magnetic  lines  that  pass  through 
the  armature.  This  number  is  really  best  ascertained  by  calcula- 
tion from  the  performance  of  the  machine  itself.  The  speed  being 
observed  by  aid  of  a  suitable  speed-counter,  the  number  of  con- 
ductors round  the  armature  being  known,  and  the  whole  electro- 
motive-force generated  in  the  machine  being  measured  by  proper 
electrical  methods,  then  it  only  remains  to  apply  the  fundamental 
formula,  transformed  so  as  to  calculate  back  to  N  : — 

N  =  108  X  E  -^  «  Z. 

To  measure  E  while  the  machine  is  running,  it  must  either  be  run 
upon  known  resistances  (so  as  to  enable  E  to  be  calculated  by  Ohm's 
law)  ;  or  E  may  be  calculated  by  measuring  (see  p.  203)  the  difference 
of  potentials  at  the  brushes  with  a  voltmeter,  and  then  calculating 
from  the  resistance  of,  and  current  in,  the  armature  the  volts  lost 
internally,  which,  added  to  the  measured  volts,  make  up  the 
whole  E,  see  equation  [IV^.],  p.  293. 

I.  U 
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It  must  be  noted  thdt  for  armatures  with  series-grouping  (p.  282), 
where  c  is  less  than  /,  the  preceding  formula  becomes  : — 

Voltage  per  Unit  Length  of  Winding. — Consider  a  conductor 
1 2  inches  long  cutting  across  a  magnetic  field  of  which  the  density  is 
50,000  lines  per  square  inch,  at  a  speed  of  2500  feet  per  minute  or 
500  inches  per  second.  It  will  cut  the  lines  at  the  rate  of  300,000,000 
per  second,  or  in  other  words  will  generate  3  volts.  A  loop  made 
up  of  two  such  conductors  properly  arranged  would  generate  6  volts. 
This  is  broadly  the  case  of  a  loop  in  the  armature-winding  of  a 
multipolar  dynamo,  but  the  average  electromotive-force  would  be 
•  less  than  6  volts,  since  the  poles  do  not  cover  the  whole  armature 
periphery.  But  5  volts  per  loop  is  quite  a  common  value  with 
ordinary  peripheral  speeds.  This  is  about  5  inches  length  of  active 
conductor  per  volt.  But  owing  to  the  presence  of  air  ducts  a  more 
usual  figure  is  6  to  7  inches  per  volt. 


The  Magneto  Machine  and  the  Separately- 
Excited  Machine. 

In  magneto  machines,  in  which  the  field  is  due  to  per- 
manent magnets  of  steel,  N  depends  both  on  the  magnetism 
of  the  steel  and  on  the  iron  core  of  the  armature.  The 
number  of  lines  that  find  their  way  through  the  armature  is, 
however,  lessened  by  the  reaction  of  the  armature  when  a 
current  is  being  drawn  from  the  machine.  If  the  magnetizing 
forces  of  the  field-magnets  were  so  overpoweringly  great,  as 
compared  with  that  due  to  the  armature  coils,  that  this 
reaction  was  insignificantly  small,  then,  by  equation  [I],  the 
voltage  would,  for  any  given  magneto  machine,  be  directly 
proportional  to  «,  the  speed  of  rotation.  But  we  know  in 
practice  that  this  is  not  the  case.  The  number  of  turns  by 
which  the  speed,  at  any  output,  exceeds  the  number  that 
would  be  needed  for  strict  proportion  is  called  the  dead  turns. 

Suppose  we  turn  a  magneto  machine  at  600  revolutions  per  minute 
(«  =10,  for  then  there  will  be  10  revolutions  per  second)  and  get, 
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say,  17  volts  of  electromotive-force  from  it,  then  if  there  were  no 
reactions  from  the  armature,  turning  it  at  1200  revolutions  per 
minute  ought  to  give  exactly  34  volts.  This  is  never  quite 
attained;  though  in  many  machines  the  direct  proportion  holds 
nearly  good,  so  long  as  no  current  is  drawn  from  the  machine 
to  give  rise  to  demagnetizing  effects.  In  that  case  the  only  reaction 
which  would  cause  departure  from  proportionality  is  that  possibly 
due  to  eddy-currents.  If  the  speed  and  the  total  volts  generated 
in  the  armature  are  observed,  and  plotted  out  against  one  another, 
the  straightness  of  the  "  curve " — which  ought  to  be  a  straight  line 
sloping  down  to  the  origin — will  show  how  nearly  the  theoretical 
condition  is  attained. 

If  the  current  in  the  armature  is  kept  constant  by  increasing  the 
resistances  of  the  circuit  in  proportion  to  the  speed,  the  demag- 
netizing action  of  the  armature  can  be  kept  constant,  even  though  the 
machine  is  giving  out  current. 

In  some  experiments^  made  by  M.  Joubert  at  different  speeds, 
the  electromotive  force  was  measured  by  an  electrometer  which 
allowed  no  current  whatever  to  pass,  and  the  theoretical  law  was 
almost  exactly  fulfilled.    The  observations  are  given  below. 

Speed    ....     500        720        1070    revolutions  per  minute. 
Electromotive-force     103        X45  208    volts. 

Potential  at  Terminals  of  a  Dynamo,  Lost  Volts. — The 
potential  at  terminals  of  the  magneto  machine — and  indeed 
of  every  generator — is,  when  the  machine  is  doing  any  work, 
less  than  E,  the  total  induced  electromotive-force,  because 
part  of  E  is  employed  in  driving  the  current  through 
the  resistance  of  the  armature.  The  symbol  V  is  used  for  the 
difference  of  potential  between  terminals.  Only  when  the 
external  circuit  is  open,  so  that  no  current  whatever  is 
generated,  V  =  E.  It  is  convenient  to  have  an  expression 
for  V  in  terms  of  the  other  quantities,  seeing  that  when  any 
current  is  being  generated  it  is  impossible  to  measure  E 
directly  by  a  voltmeter  or  by  an  electrometer,  whereas  V  can 
always  be  so  measured. 

Let  r  be  the  internal  resistance  of  the  machine,  that  is  to 
say,  the  total  resistance  of  the  armature  coils  of  the  commutator 

*  See  also  experiments  by  Mordey,  Journal LE,E,^  xix.  233,  1890. 
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connexions,  of  the  brushes,  and  of  any  main  circuit  windings 
on  the  magnets  (**  series  coils  "  or  "  compounding  coils  ")  which 
may  be  in  circuit  between  the  terminals ;  and  let  R  be  the 
resistance  of  the  external  circuit.  Then,  by  Ohm's  law,  if 
C  be  the  current, 

E  =  C  (r  +  R). 

Also,  the  volts  required  to  drive  the  current  C  through  the 
internal  resistance  r,  will  be, 

^  =  C  n 

But  by  Ohm's  law  also,  if  V  be  the  difference  of  potential 
between  the  terminals  of  the  part  of  the  circuit  whose 
resistance  is  R, 

V  =  CR; 
whence 


V  R 


E      r  +  R 


[III.] 


also 


^  -  r+-R  X  =• 


It  is  also  convenient  to  note  that 

R      ^  ^  ' 

for  this  formula  enables  us  to  calculate  the  value  of  E  from 
observations  of  V  made,  with  a  voltmeter.  But  often  the 
values  of  R  are  unknown :  hence  the  following  is  more  useful. 

V=  E  -^ 

or 

V  =  E-Cr.    .      •      .      •     [IV.] 

This  is  equivalent  to  saying  that  the  volts  at  the  terminals 
are  equal  to  the  whole  volts  generated  in  the  armature  less 
the  volts  needed  to  drive  the  current  C  through  the  internal 
resistance  r.  The  volts  C  r  which  are  thus  not  available  in 
the  external  circuit,  are  called  lost  volts :  they  will  be  less 
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the  smaller  the  internal  resistance  is.     Equation  [IV.]  may 
be  transposed  to  : — 

E  =  V  +  Cr.  .         .         [IVJ 

If  V  is  observed  by  a  voltmeter,  then  E  can  be  found 
by  adding  the  lost  volts ;  and  these  can  be  calculated  by 
measuring  the  amperes  flowing  through  the  armature  and 
multiplying  them  by  the  internal  resistance.  In  good  modem 
dynamos  the  lost  volts  at  full  load  do  not  amount  to  more 
than  2  or  3  per  cent  of  the  whole  voltage.  The  percentage 
is  often  spoken  of  as  \h^  pressure-drop. 

Relation  between  whole  Electromotive-force  and  Difference 
of  Potentials  at  the  Terminals. — The  essential  distinction 
pointed  out  above  between  the  whole  electromotive-force  E, 


Fig.  167. 

and  that  part  of  it  which  is  available  as  a  difference  of 
potentials  at  the  terminals  V,  may  be  further  illustrated^by 
the  following  *  geometrical  demonstation. 

In  a  machine  (such  as  are  chiefly  dealt  with  later)  in 
which  V  is  constant,  E  will  not  be  constant,  except  in  the  un- 
attainable case  of  a  machine  which  has  no  internal  resistance. 

And  if  E  is  constant,  then  V  cannot  be  constant  when 
C  varies.     We  have  then  two  cases  to  consider : — 

(l)  E  constant. — Take  resistances  as  abscissae  and  electro- 
motive-force as  ordinates,  and  plot  out  (Fig.  167)  O  A  :=  r, 
AN  =  R,  OB=rE.  The  line  B  N  represents  the  fall  of 
potential  through  the  entire  circuit.  Of  the  whole  electro- 
motive-force  O  B,   a    part    equal    to   C  M   is   expended   in 

*  Elektrotechnische  Zeitschrift^  iv.  i6i,  April  1883. 
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driving  the  current  through  the  resistances  r,  leaving  the  part 
A  M  available  asjthe  difference  of  potential  at  the  terminals, 
when  the  total  resistance  of  the  circuit  is  represented  by  the 
length  from  O  to  N.  Accordingly,  at  N  erect  a  vertical  line 
N  Q  equal  to  A  M.  Take  a  less  external  resistance  R'  =  AN' 
and  by  a  similar  process  we  find  that  the  corresponding  value 
of  V  is  A  M'  or  N'Q'.  Similarly,  any  number  of  points  may 
be  determined  ;  they  will  all  lie  on  the  cur\'e  A.  Q  Q',  which 
therefore  shows  how,  as  the  external  resistance  is  increased, 
the  terminal  potential  rises,  whilst  the  whole  electromotive- 


force  remains  constant  and  is  represented  by  the  horizontal 
line  B  R.  The  equation  of  this  curve  is  given  by  the 
condition 

E  -  V  r 


E 


R  4-  r' 


whence  (E  -  V)  (R  +  r)  =  E  r  =  constant ;  which  equation  is 
the  equation  of  an  equilateral  hyperbola  having  O  B  and  B  R 
as  asymptotes. 

(2)  V  constant, — As  in  the  preceding  case,  O  A  =:  r  ; 
A  N  =  R  ;  and  A  M  =  V.  From  N  (Fig.  168)  draw  the  line 
N  M  and  produce  it  backwards  to  B.  Then  O  B  represents 
that  value  of  E  which  will  give  V  volts  at  terminals  when 


Elementary  Theory  of  the  Dynamo.  295 

R  =  N  M.  Accordingly  «.'et  off  at  N  the  line  N  R  =  O  B. 
In  a  precisely  similar  way  draw  N'  B'  to  correspond  with  any 
other  value  of  R,  and  make  N'  R'  equal  to  O  B'.  N'  R'  repre- 
sents the  value  of  E  when  the  value  of  the  external  resistance 
R  is  equal  to  A  N'.  By  determining  other  values  we  obtain 
the  successive  points  of  the  curve  R  R',  which  shows  how  the 
whole  electromotive-force  must  vary  in  order  to  maintain  a 
constant  difference  of  potentials  at  the  terminals,  as  repre- 
sented by  the  horizontal  line  M  Q.  The  equation  to  this  curve 
(also  an  equilateral  hyperbola)  is  given  by  the  condition 

r  R 

or 

(E  -  V)  R  =  V  r  =  constant. 

TJte  Separately^excited  Dynamo, — For  separately-excited 
dynamos  the  same  formulae  hold  good  as  for  magneto 
machines  ;  but  in  this  case  N  depends  upon  the  strength  of 
the  independent  exciting  current. 

In  estimating  the  nett  (or  commercial)  efficiency  of  a 
separately-excited  dynamo,  the  energy  spent  per  second  in 
exciting  the  field-magnets  ought  to  be  taken  into  account. 
The  loss  in  excitation  may  amount  to  as  little  as  i  per  cent, 
of  the  total  output,  in  large  machines ;  or,  in  small  machines 
to  as  much  as  3  per  cent. 


Efficiency  and  Economic  Coefficient  of  Dynamos, 

Suppose  that  we  know  the  actual  mechanical  horse-power 
applied  in  driving  a*  dynamo.  This  can  be  measured  directly 
either  by  using  a  transmission  dynamometer,  or  by  taking  an 
indicator  diagram  from  the  steam  engine  that  is  driving  it,  or, 
in  certain  special  tests  where  the  field-magnets  can  be  pivoted 
or  counterpoised,  by  applying  the  method  originally  pursued 
by  the  Rev.  F.  J.  Smith,  and  later  described  by  M,  Marcel 
Deprez   and   by   Professor    Brackett,    in    which    the    actual 
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mechanical  interaction  between  the  armature  and  field-magnets 
is  utilized  to  measure  the  horse-power  used  in  driving  the 
machine.  If,  then,  we  know  the  mechanical  horse-power 
applied,  and  if  we  measure  the  output  of  electric  horse-power 
of  the  dynamo,  we  have  by  comparing  the  mechanical  power 
absorbed  with  the  electric  power  developed,  a  measure  of  the 
efficiency  of  the  dynamo. 

The  energy  per  second  of  a  current  is  expressed  as  the 
product  of  two  factors,  namely,  the  number  of  amperes  of 
current,  and  the  number  of  volts  of  potential  between  the  two 
ends  of  that  part  of  circuit  in  which  the  energy  to  be  mea- 
sured is  being  expended.  The  number  of  amperes  of  current 
is  measured  by  a  suitable  amperemeter  ;  the  number  of  volts 
of  potential  by  a  suitable  voltmeter.  The  product  of  the 
volts  into  the  amperes  expresses  the  electric  energy  expended 
per  second,  in  terms  of  the  unit  of  power  denominated  the 
watt.  As  I  horse-power  is  equal  to  746  watts,  the  number  of 
volt-amperes  {i,e,  of  watts)  must  be  divided  by  746  to  give  the 
result  in  horse-power.  If  C  represents  the  current  in  amperes, 
and  V  the  difference  of  potential  in  volts,  then  the  number  of 
watts  of  power,  for  which  we  may  use  the  symbol  Wy  may  be 
written 

HP  =  7«;^746  =  CV-^746.     .      .     [V.] 

The  ratio  of  the  useful  electrical  power  utilised  in  the 
external  circuit  to  the  total  electric  power  that  is  developed 
in  the  armature  is  called  the  "electrical  efficiency"  or 
"  economic  coefficient "  of  the  machine.  It  may  be  expressed 
algebraically  as  follows  : — If  through  an  armature  there  is 
flowing  a  current  of  C^  amperes,  and  its  total  electromotive- 
force  be  E  volts,  then  its  total  electric  activity,  expressed  in 
watts,  will  be 

=  EC.. 

If  the  volts  of  pressure  between  the  terminals  of  the  dynamo 
be  V,  then  the  useful  activity  or  power  utilised  is  * 

=  V  C  watts. 
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Using  the  symbol  171  for  the  "economic  coefficient,"  or 
so-called  "  electrical  efficiency,"  we  have 

^  useful  power  _  V  C 
total  power        E  C^ ' 

or,  if  the  machine  has  no  shunt,  so  that  C  and  C^  are  the  same 


thing,  then 


V 


V 
But  we  know  that  the  ratio  ^  depends  on  the  relation  of  the 

internal  and  external  resistances,  for 

V  R 

g-  =  — p-^  (see  equation  [III.]), 

where  R  is  the  resistance  of  the  external  circuit,  and  r  the 
internal  resistance  (armature,  series  coils,  etc.)  of  the  machine. 
Hence,  for  a  series  dynamo  or  a  magneto  machine, 

^1  =  y, .  g^ lyi-] 

Obviously,  this  coefficient  will  approach  more  and  more 
nearly  to  unity  the  more  that  the  value  of  r  can  be  diminished. 
For  if  a  machine  could  be  constructed  of  no  internal  resistance 
there  would  be  none  of  the  energy  of  the  current  expended 
in  driving  the  current  through  the  armature  and  wasted  in 
heating  its  coils. 

We  shall  see  later  on  how  the  expression  for  the  economic 
coefficient  171  must  be  modified  in  the  case  of  shunt  dynamos 
and  compound  dynamos. 

Remembering  that  the  gross  electric  power  of  the  machine 
is  E  Ca  watts,  or,  in  horse-power  E  C^  -r-  746,  we  have  for  172 
the  gross  efficiency y  or  efficiency  of  electric  conversion. 

"^^^  HP  X746' 
and  for  the  nett  efficiency^  or  useful  commercial  efficiency, 

vc 

''  =  '*'*'"=  HP  X  746- 
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It  will  be  seen  that,  as  the  first  of  these  expressions  contains 
E,  and  the  second  V,  the  nett  efficiency  can  be  obtained  from 
the  gross  efficiency  by  multiplying  by  171,  the  economic 
coefficient. 

The  nett  or  commercial  efficiency  may  also  be  expressed  by 
dividing  the  output  V  C,  by  the  total  of  the  output  plus  the 
sum  of  all  the  various  losses,  electrical  and  mechanical, 
reckoned  in  watts.     Or  in  symbols 

VC 

'^  "  V  C  +'tiv' ' 


100 


where  S  v/  stands  /or  the  sum  of  the  losses  due  to  resistance 
in  copper  in  armature  and  in  the  exciting  coils,  to  the 
hysteresis  and  eddy-current  losses,  and  to  friction  and 
windage.     Or,  if  expressed   as  a  percentage,  the  efficiency 

will  be 

VC 

r?  =  100  rrr^-T-^—'    •     '      •     [VII.l 

Variation  of  Efficiency 
with  Load. — It  must  be 
noticed  before  passing  from 
this  topic  that  since  C,  the 
current,  enters  into  each  of 
the  expressions  for  effici- 
ency as  a  factor,  the  effici- 
ency of  the  dynamo  will 
differ  at  different  loads. 

The  question  at  what 
load  a  dynamo  has  its 
greatest  efficiency  depends 
upon  its  design,  and  on 
the  proportion  of  the  inevit- 
able losses.  Even  when  a 
dynamo  is  giving  out  no 
current,  there  are  losses  of 
energy  in  friction,  in  heating  in  the  copper  of  the  magnetiz- 
ing coils,  in  heating  due  to  hysteresis  and  eddy-currents  in 


100 
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Fig.  169. 
Typical  Curve  of  Efficiency. 


Elementary  Theory  of  the  Dynamo.  299 

the  iron,  and  to  a  ksser  extent  in  eddy-currents  in  moving 
masses  whether  of  copper  or  iron.  At  full  load  these  losses 
all  exist  and  some  of  them  are  increased,  but  in  addition 
there  is  the  heating  in  the  copper  of  the  armature  by  the 
current.  As  this  loss  increases  with  the  square  of  the  current 
while  the  other  losses  are  nearly  constant  (at  a  given  speed 
and  voltage),  it  is  clear  that  at  high  overloads,  the  copper 
heating  will  become  disproportionately  great.  Consequently 
the  efficiency,  which  at  no-load  is  zero,  goes  up  to  a  certain 
maximum  which  should  be,  if  the  design  is  good,  at  the 
normal  maximum  load,  but  which  should  be  high  also  at 
half  load,  and  even  at  one-quarter  load ;  the  efficiency  curve 
having  in  general  the  form  shown  in  Fig.  169. 


The  Series  Dynamo. 

In  the  series  dynamo  (see  Fig.  170,  also  Fig.  43)  there  is 
but  one  circuit,  and  therefore  but  one  current,  whose  strength 
C  depends  on  the  electromotive-force  E  and  on  the  sum  of 
resistances  in  the  circuit.     These  are : — 

R  as  the  external  (variable) 

resistance. 
Ta  =  the  resistance   of  the 

armature. 
Tm  =  the  resistance  of  the 

field-magnet  coils. 

By  Ohm's  law — 

E  =  (R  +  r,  -h  r^)  C. 

Also  V,  the  difference  of 
potential  between  the  termi- 
nals of  the  machine,  is 

V  =  C  R ; 

whence, 

V  =  E  -  (r«  -h  r^  C. 

Ecoftomic  Coefficient  of  Series  Dynamo. — The  economic 
coefficient  171,  which  is  the  ratio  of  the  useful  electric  power 


Fig.  170. 
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available  in  the  external  circuit  to  the  total  electric  power 
developed,  will  be 

total  power  ~  C*  (R  +  r^  +  r^) 


Vi 


_  useful  power  _ 


V 


or 


"Hi  = 


R 


R  +  r.  +  r«, 


[VIII.] 


This  is  obviously  a  maximum  when  ra  and  r^  are  both 
very  small.     They  are  usually  about  equal. 


The  Shunt  Dynamo. 

In  the  shunt  dynamo,  there  are  two  circuits  to  be  con- 
sidered ;  the  main  circuit,  and  the  shunt  circuit  (Fig.  171, 
and  Fig.  44).   The  symbols  used  have  the  following  meanings. 

C   =  the  current  in  the  external  main  circuit 

Ca  =  the  current  in  the  armature. 

C*  =  the  current  in  the  shunt  circuit  (the  lost  amperes). 

Then,  clearly, 

C,  =  C  +  C,; 

because  the  current  generated 
in  the  armature  divides  into 
these  two  parts  in  the  main 
and  shunt  circuits,  and  is 
equal  to  their  sum. 

We  may  call  that  part  of 
the  whole  current  which 
returns  through  the  shunt, 
and  is  not  available  in  the 
external  circuit,  the  lost 
amperes',  in  a  good  modem 
machine  they  are  at  most, 
from  I  to  2j^  per  cent,  of  the 
whole     output     of    current. 

If  r  be  the  resistance  of  the  shunt  coils,  the  lost  amperes 

may  be  calculated 
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For  example,  in  the  Kapp  bipolar  dynamo,  p.  621,  giving  out  200 
amperes  at  a  pressure  of  105  volts  at  terminals,  r,  was  31  ohms,  hence 
the  lost  amperes  were  3  •  4,  and  total  current  in  armature  at  full  load 
203*4  amperes. 

Also,  by  Ohm's  law,  we  have  for  V  the  electromotive-force 

between  terminals. 

V=  CR, 
and  also 

V=C,r,; 

because  the   terminals  for   the    main  circuit  are   also    the 
terminals  for  the  shunt  circuit. 

Further,  since  the  nett  resistance  of  a  branched  circuit  is 
the  reciprocal  of  the  sum  of  the  reciprocals  of  the  resistances 
of  its  parts,  the  nett  external   resistance  from  terminal  to 

terminal  is  equal  to  =j — r^—  :  and  hence  it  follows  that 

^  R  +  r* 


^-('••+RT?7.)'^' 


We  may  at  the  same  time  find  an  expression  for  e  the  lost 
volts,  viz.  that  part  of  the  whole  electromotive-force  which  is 
being  employed  solely  to  overcome  the  resistance  of  the 
armature,  and  which  is,  of  course,  the  difference  between  E 
the  total  electromotive-force,  and  V  the  voltage  between  the 
terminals. 

Ohm*s  law  at  once  gives  us 

From  this  we  also  get 

V  =  E-r,(C  +  Q.    .     .     .     [IX.] 

We  will  also  find  an  expression  for  E  in  terms  of  V  and 
the  various  resistances.     Taking  as  above 


^  =  (e^  +  '-K 
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and  Meriting  for  C<,  its  value  as  C  +  C^  and  for  these  V/R  and 
V/r,  respectively,  we  get 

^  "  ^  i r^tt: ''-RTrf' 


or 


^R      r^      r,/ 

It  may  be  noted  that  the  expression  {^■\ —  +  — )  is  the 

sum  of  three  conductances  of  three  paths,  and  is  therefore 
equal  to  the  conductance  of  these  three  paths  united  in 
parallel  with  one  another  ;  that  is  to  say,  the  conductance  as 
measured  from  brush  to  brush  with  the  external  circuit  and 
shunt  circuit  joined  up.  Or,  if  we  write  IR  for  the  resistance 
of  the  whole  system  of  machine  and  circuit,  as  thus  measured 
from  brush  to  brush,  then  the  equation  may.be  written 

E  =  V  X  r,/E. 


Efficiency  of  Shunt  Dynamos. 

A  very  simple  way  of  regarding  the  efficiency  of  shunt 
dynamos  is  the  following : — 

The  gross  watts  of  the  machine  W  =  E  C^,  where  E  and 
Ctf  are  both  armature  quantities :  and  the  nett  watts  actually 
delivered  in  the  external  circuit  will  be  «/  =  V  C.  Now  E 
may  be  written  as  equal  to  V  +  SV,  where  SV  represents  the 
lost  volts  (due  to  internal  resistance),  and  C«  =  C  +  SC,  where 
SC  represents  the  amperes  wasted  in  magnetizing  in  the  shunt 
coils.     Substituting  we  have  : 

W  =  VC  +V  •  SC  +  C  •  SV  +  SC  •  SV.        [X.] 

Neglecting  the  fourth  term  as  being  a  small  quantity  of 
the  second  order,  we  may  interpret  the  three  terms  on  the 
right-hand  side  as  being  respectively  the  nett  output  of  the 
machine,  the  watts  wasted  on  excitation,  and  the  watts  wasted 
on  internal  heating  in  the  copper.    Heat  losses  in  the  iron  and 
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friction  losses  do  not  appear  here,  though  they  add  to  the 
mechanical  power  needed  to  drive  the  machine.  Considering 
then  purely  the  electrical  efficiency  of  the  dynamo  we  see 
that 

^^  =  w  "  vcTTac  +  CSV  •     •    •  ^^^'^ 

That  this  ratio  should  approach  as  near  to  unity  as  possible 
it  is  obvious  that  V  .  BC  and  C  SV  should  6otA  be  as  low  as 
possible.     Writing  the  loss  as  a  fraction  of  the  output  we  have 

I  -  171  _  SC       SV  rxin 

the  two  terms  being  of  equal  importance.  Equating  them, 
and  inserting  the  values  of  S  C  and  S  V  in  terms  of  resistance, 
we  have : — 

r,  C        "V     ' 
where 

V    ^     / 

or 

R  =  slraTf  ....     [XIII.] 

This  is  equivalent  to  saying  that  to  make  the  two  losses  in 
armature  heating  and  shunt  magnet  heating  equal  the  arma- 
ture resistance  and  shunt  resistance  should  be  such  that  the 
resistance  of  the  external  circuit  is  a  geometrical  mean  between 
them.  Now  we  may  write  the  equation  [XL]  of  relative 
losses  as  : — 

i_-^,  =  R  +  ^-  .  .      .      .     [XIV.] 

from  which  it  is  clear  that  for  the  percentage  of  losses  to  be 
small  Tt  must  be  large  and  r^  small  compared  with  R.  If, 
for  exaipple,  the  copper  losses  of  the  machine  (iron  losses  and 
friction  not  being  taken  here  into  account)  are  not  to  exceed 
4  per  cent,  and  to  be  equal  in  armature  and  shunt,  r,  must 
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be  fifty  times  as  large  as  R,  and  r^  only  one-fiftieth  of  R,  so 
that  r,  will  be  2500  times  as  great  as  r^ 

Examples  :  Shunt  Machines. — the  values  of  rsjra  are  as  follows  in 
the  following  machines:  Siemens*  dynamo  (1880),  page  337,  48*4; 
Edison-Hopkinson  Dynamo  (1886),  page  26,  1702. 

Compound-wound  Machines. — Including  the  resistance  of  the 
series  winding  with  that  of  the  armature,  the  values  of  r,  -4-  (r^  +  rm) 
are  as  follows  in  the  following  machines  :  Kapp  bipolar  (1887), 
page  621,  945 ;  Scott  and  Mountain  (1901),  page  582,  12,600. 

The  commercial  efficiency  is  of  course  lower  than  the 
mere  electrical  efficiency,  which  does  not  take  into  account 
hysteresis  and  eddy-current  losses,  windage,  or  friction.  See 
Chapter  XVII. 

Constant  Potential  Dynamos. 

Conditions  of  Supply. — For  some  purposes — as  for  feeding 
a  system  of  incandescent  lamps  in  parallel — the  current  must 
be  supplied  from  the  mains  at  an  absolutely  constant  potential 
or  pressure ;  that  is  to  say,  the  difference  of  potential  between 
the  mains  must  be  constant.  This,  of  course,  implies  that  the 
current  delivered  by  the  machine  shall  vary  exactly  in  a  ratio 
inverse  to  that  of  the  resistance  of  the  external  circuit ; 
increasing,  as  the  resistance  is  diminished  by  adding  to  the 
number  of  lamps  across  the  mains  of  the  circuit.  But  we 
have  seen  that,  owing  to  two  causes — (i)  internal  resistance, 
(2)  demagnetising  reactions  of  armature — the  volts  at  the 
terminals  at  full  load  fall  short  of  the  value  they  would  have 
(at  the  same  speed  and  magnetization)  at  zero  load.  The 
pressure-drop  increases  with  the  load.  Hence,  means  must  be 
taken  to  compensate  for  the  lost  volts  if  the  supply  is  to  be 
maintained  at  a  constant  pressure.  If  the  dynamo  is  to  supply 
lamps  at,  say  100  volts,  the  pressure  must  not  be  allowed  to 
drop  to  97  or  96  volts  when  all  the  lamps  are  at  work. 

For  some  other  purposes,  as  for  supplying  a  set  of  lamps 
connected  in  a  simple  series,  placed  on  one  line,  it  is  necessary 
to  maintain  in  the    line   an   absolutely  constant  current^  no 
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matter  how  many  or  how  few  lamps  or  motors  may  be  at 
work.  This,  of  course,  means  that  when  the  resistance  of  the 
main  circuit  is  increased  by  the  switching-in  of  more  lamps, 
the  dynamo  must  put  forth  a  proportionate  increase  of  electro- 
motive-force. 

The  two  ends  to  be  attained  by  regulation  are  therefore  not 
only  distinct,  but  incompatible  with  one  another ;  a  dynamo 
cannot  possibly  keep  its  electromotive-force  constant,  and  at 
the  same  time  vary  it  in  proportion  to  the  varying  resistance 
of  the  external  circuit.  The  two  systems  are  adapted  to 
entirely  different  cases  of  electric  distribution.  Their  theory 
is  different ;  and  the  practical  modes  for  carrying  them  out 
are  different  also. 

Constant-current  machines,  as  required  for  arc-lighting,  and 
for  glow-lamps  in  series,  are  described  in  Chapter  XXIL 
The  present  section  deals  only  with  machines  for  supply  at 
constant  or  nearly  constant  pressure. 

There  are  various  ways  of  governing  dynamos  so  as  to 
maintain  either  a  constant  potential  or  a  constant  current. 
Some  of  these  methods  involve  hand  regulation  ;  others,  auto- 
matic switching  in  or  out  of  resistance,  to  vary  the  excitation 
of  the  field-magnets;  others,  automatic  adjustment  of  the 
brushes  ;  and  others,  electrical  governing  of  the  speed.  Chap- 
ter XXVI.  on  Regulators  deals  with  these.  Let  it  be  noted  in 
the  first  place  that  the  voltage  of  a  given  dynamo  depends,  as 
shown  by  the  fundamental  equation  (p.  282),  on  three  factors — 
the  speed,  the  number  of  armature-windings,  and  the  magnetic 
flux  :  hence  it  follows  that  any  one  of  these  might  be  used  to 
control  the  voltage  of  the  machine.  The  speed  might  be 
changed  by  merely  mechanical  contrivances.  The  number  of 
effective  armature  conductors  might  be  reduced  by  shifting 
the  brushes  forward  beyond  the  neutral  point.  The  magnetic 
flux  can  be  varied  by  altering  the  magnetizing  force  that 
excites  the  magnetism,  or  by  changing  the  disposition  of  the 
magnetic  circuit. 

In  cases  of  isolated  plant  it  may  be  convenient  to  apply 
a  governor  to   so   vary  the   speed   in   accordance   with  the 
demands  on  the   circuit   as  to  maintain  a  constant   electric 
I.  X 
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pressure ;  but  this  is  not  satisfactory  when  the  engine  has 
other  work  than  driving  a  single  dynamo.  Hence,  methods 
have  been  preferred  which  admit  of  the  maintenance  of  a 
constant  speed  of  driving.  Throughout  this  chapter  this 
condition  will  be  assumed  to  hold  good  ;  and  as  a  purely 
magnetic  method  of  regulation  is  but  little  used  we  need  only 
deal  here  with  the  methods  that  depend  on  varying  the 
excitation  of  the  magnets. 

In  central  stations  and  power-houses  different  methods 
obtain  according  to  circumstances.  For  supplying  lighting 
currents  to  a  compact  district  lying  immediately  around  a 


Fig.  173.— Edison's  Method  of  Regulating. 


central  station,  some  engineers  prefer  to  use  simple  shunt 
machines,  each  operated  by  its  own  engine,  and  to  keep  up 
the  voltage  on  each  machine  simply  by  opening  the  stop- 
valve  of  the  engine  at  times  when  the  dynamo  is  heavily 
loaded.  In  this  case  the  speed  is  purposely  varied.  In 
supplying  the  rapidly  fluctuating  currents  to  a  tramway  from 
a  power-house  situated  necessarily  at  some  distance  from  the 
outlying  parts,  and  where  the  drop  of  voltage  may  be  con- 
siderable and  liable  to  rapid  changes,  regulation  either  by  the 
resistance  of  the  shunt  or  by  varying  the  engine-speed  is 
quite  out  of  the  question.  A  constant  speed,  within  the 
limits  of  engine-governing,  must  be  maintained,  and  regula- 
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tion  effected  by  over-compounding  (see  p.  318),  or  by  the  use- 
of  boosters  (see  Chapter  XXIV.) 

Hand  Regulator. — Edison  introduced  a  method  of  supply- 
ing mains  at  a  constant  potential  in  which  a  shunt  dynamo  is 
employed  ;  a  variable  resistance,  or  rheostat,  R,  being  intro- 
duced into  the  shunt-circuit  (Fig.  172).     A  lever  moved  by 
hand,  whenever  the  voltage 
rises  above  or  drops  below 
its    proper    value,    makes 
contact  on    a    number    of 
studs  connected  with  a  set 
of    resistances,    and    thus 
controls     the    degree     of 
excitation     of     the     field- 
magnets.      Lane-Fox  sug- 
gested   to   make    the    ar- 
rangement automatic  ;  the 
variable    resistance     being  . 
adjusted    by    an     electro- 
magnet the  coils  of  which 
are  an   independent  shunt 
across    the    mains.      The 
shunt     dynamo,     if     well 
constructed,   is,   as   shown 

on  p.  344>  nearly  constant       f.^.  .73._rkculat.ng  Rheostat 
in  its  voltage  ;  the  pressure  (Siemens  and  Hai-ske). 

at   the  terminals   falls   off 

very  little  at  full  load.  With  such  a  dynamo,  but  a  small 
increase  of  exciting  current  is  needed  to  make  up  for  the 
pressure-drop  at  full  load.  The  regulating  rheostat  is  equally 
applicable  to  a  separately  excited  machine.  For  further 
considerations  concerning  rheostats  see  Chapter  XXVI. 

Self-regulating  Machines. — The  theory  of  self- regulation 
is  extremely  simple.  At  full  load  the  volts  tend  to  drop 
because  of  the  armature  reaction  and  because  of  internal 
resistance.  Now  they  depend  on  the  flux  ;  hence,  any  drop  in 
the  volts  can  be  compensated  by  increasing  the  flux.  The 
problem  then  is  how  to  make  the  main  current,  which  as  it 

X  2 
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increases  causes  the  volts  to  drop  automatically,  increase  the 
flux.  It  is  clear  that  a  compensating  main-circuit  coil  of 
sufficient  turns  to  produce  the  needed  additional  excitation, 
must  be  wound  upon  the  field-magnet.  The  compensating 
coil  must  obviously  be  thick  enough  to  carry  the  main  current, 
and  usually  consists  of  few  turns.  If  the  machine  is  shunt- 
wound  to  begin  with,  and  a  compensating  coil  in  series  with 
the  armature  is  thus  added,  the  combination  is  usuallv  termed 
a  compound  winding.  A  compensating  series-coil  is,  however, 
equally  applicable  to  any  well  designed  dynamo  in  which  the 
initial  magnetism  is  independently  excited.  The  following 
combinations  are  possible  : — 

A.  Compound  Winding. 

(/.)  Permanent  magnets  to  excite  the  field  initially  with 
an  independent  magnetisation  -f-  regulating  coils  in  series. 

(/'/.)  Separate  excitation  of  the  field-magnets  from  some 
independent  source  -f-  regulating  coils  in  series. 

(/iV.)  Shunt  excitation  of  the  field-magnets  supplied  by 
a  portion  of  the  current  of  the  machine  itself  +  regulating 
coils  in  series. 

(iV.)  Dynamo  with  two  field-magnets  surrounding  one 
elongated  armature,  one  field-magnet  being  excited  inde- 
pendently or  by  a  shunt-winding,  the  other  having  relatively 
few  turns  of  thick  winding,  in  series  with  the  armature. 

B.  Booster  Mctfiods. 

Current  in  the  circuit  generated  with  a  constant  electro- 
motive-force (either  by  a  battery  or  by  an  independent 
magneto  or  separately-excited  or  shunt  machine),  which 
current  is  then  passed  through  a  dynamo,  having  for  its 
excitation  a  few  turns  of  thick  wire  in  series  with  its 
amiature  driven  at  a  constant  speed. 

C.  AiternatC'Current  Compounding, 

Alternate  current  dynamos  may  be  compounded  by  pro- 
viding them  with  regulating  coils  supplied  with  a  current 
derived  (by  a  suitable  transformer)  from*  the  main-circuit 
current,  and  proportional  to  it :  the  derived  currents  being 
first  sent  through  a  rectifying  commutator.  The  inde- 
pendent magnetization  may  be  derived  either  from  an 
auxiliary  exciter,  or  from  a  separate  coil  or  group  of  coils 
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in  the  armature,  or,  in  fact,  by  another  transformer,  the 
primary  of  which  is  placed  across  the  mains  as  a  shunt ;  in 
either  of  the  latter  cases  the  current  being  properly  com- 
muted.    For  the  newest  methods  see  Vol.  II. 

Theoretically,  several  other  self-regulating  combinations  are 
possible  j  for  example,  a  series  machine  with  imsaturated  magnets, 
combined  with  a  (quasi-independent)  series  machine  with  over- 
saturated  magnets  on  the  same  shaft ;  a  series  machine  having  two 
sets  of  field-magnet  poles  at  different  leads,  one  of  the  sets  of  poles 
being  the  series-excited  set,  the  other  excited  independently,  or  in 
shunt  circuit,  etc.  Theoretically  also,  a  shunt-wound  or  separately- 
excited  machine  might  be  made  self-regulating  if  its  brushes  were 
given  a  backward  lead.  But  owing  to  sparking  this  is  impracticable 
unless  the  armature  is  wound  on  Sayers'  plan  (p.  270),  with  a  com- 
pensating winding. 

Theory  of  Self-Regulation. 

In  consicfering  the  theory  of  self-regulation  we  shall  pro- 
ceed as  follows  : — First  find  an  expression  for  the  pressure  at 
the  mains.  This  will,  in  general,  consist  of  three  terms. 
Secondly,  we  shall  consider  these  three  terms  as  to  whether 
their  factors  are  constants  or  variables.  Then,  having  ascer- 
tained which  of  the  terms  contain  variable  factors,  we  must 
consider  what  conditions  must  be  laid  down  (such  as  prescribing 
a  particular  speed  or  a  particular  number  of  windings)  in 
order  that  the  terms  containing  variable  factors  shall  disappear. 
These  conditions  will  be  embodied  in  an  "  equation  of  con- 
dition,*' which  will  be  then  discussed.  In  general  it  will  be 
found  that  if  the  speed  is  prescribed  beforehand,  there  will  be 
a  certain  "  critical  "  number  of  regulating  coils  to  be  deduced; 
or,  on  the  other  hand,  if  the  number  of  regulating  coils  is 
prescribed  beforehand,  there  will  be  a  particular  or  "  critical " 
speed  at  which  self- regulation  holds  good. 

It  is  possible  to  treat  the  theory  either  algebraically  or 
jreometrically.     Both  methods  will  be  here  used. 

Case  (/.).  Permanent  Magnets  -f  Series  Regulathig  Cous 
(Fig.  174,  p.  313). — If  the  field-magnets  are  partly  perman- 
ently magnetized,  or  if  there  are  permanent  steel  magnets 
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in  addition  to  the  electromagnets,  giving  an  initial  field,  we 
may  denominate  the  initial  flux  as  Nj. 

Now  the  fundamental  equation  of  the  dynamo  is 

E  =  ;^M, 

and  the  difference  of  potential  or  pressure  at  the  terminals 
is  found  by  deducting  the  lost  volts  ;  or 

V  =  E  --  (r,  +r«)C. 

But  M  is  proportional  to  N,  the  number  of  magnetic  lines 
that  pass  through  the  armature  at  any  instant,  is  made  up 
of  two  parts,  the  permanent  independent  part  Ni,  and  a 
part  depending  upon  the  current  C,  and  equal  to 

47rS,«C-r-  IP . 

/i  A 

where  S«  is  the  number  of  turns  in  the  compensating  coil, 
/  the  length  of  the  magnetic  circuit,  A  its  cross-section,  and 
/i  the  average  value  of  the  gross  permeability  (iron  and  air 
together)  between  the  two  extreme  values  that  it  has  when  C 
is  zero  and  when  C  is  at  its  maximum.  Hence  also  we  may 
regard  M  as  made  up  of  two  parts,  Mi  and  a  variable  part. 
If  for  brevity  we  write 


10^        lo/     /A  A  ■"  ^' 


we  may  then  write  the  variable  part  of  M  as  ^  S«,  C  ;  and 
therefore 

and  we  get,  as  the  complete  expression  for  V, 

V  =  ;/  (Ml  +  ^  S,„C)  -  (r^  +  r,,)  C, 
or 

V  =  «  Ml  +  ;/  ^  S,„  C  -  (r,,  +  r^ )  C. 

The  expression  on  the  right-hand  side  of  this  equation 
consists  of  three  terms,  of  which  the  first  contains  the  speed 
and  two  constants  as  factors.    The  last  two  contain  a  variable, 
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the  current,  and  one  of  them  also  contains  as  factors  the  speed 
n  and  the  number  of  regulating  coils  S«.  If  S»,  is  prescribed 
beforehand,  then  the  particular  speed  at  which  the  dynamo 
is  self-regulating  will  be  clearly  that  speed  at  which  the  ex- 
pression for  V  will  contain  nothing  but  constants.  If  n  is 
prescribed  beforehand,  then  we  must  vary  S,w  so  as  to  eliminate 
the  terms  that  contain  the  variable  factor.  Since  the  two  last 
terms  are  of  opposite  sign,  it  is  clear  that  by  varying  S^  or  «, 
or  both,  the  value  of  n  q  ^^  may  be  made  numerically  equal 
to  Ta  +  r,«.  Then  at  the  constant  speed,  which  we  will  call  «i, 
the  last  two  terms  will  cancel  one  another  out,  or, 

«i  q  S,«  C  -  (/«  -h  r,^  C  =  o. 

That  is  to  say,  S»f  and  n^  must  be  such  that 

nx  q  S,«  =  r^  +  ^u..         .  [XV.] 

This  is  the  equation  of  condition. 

If  the  condition  laid  down  in  this  equation  is  observed, 
then  the  last  two  terms  for  V  disappear,  and  we  have  simply, 

V  =  «i  Ml  =  ^?  constant. 

Having  thus  proved  that,  at  the  given  speed,  V  is  a  constant, 
it  is  worth  while  to  inquire  what  it  is  that  determines  the  value 
of  V.  Clearly  V  is  directly  proportional  to  Mj  and  therefore 
to  Nx,  the  initial  flux.  Therefore,  we  can  arrange  that  the 
dynamo  still  driven  at  the  given  speed,  shall  give  any  pressure 
we  please,  within  limits,  provided  we  alter  Nx  in  the  requisite 
proportion. 

Suppose  that  the  speed  is  prescribed  by  mechanical  con- 
siderations, then  the  proper  or  critical  number  of  regulating 
coils  is  given  by  the  expression 

S,,  =  ''''"t'''«.         .         .     [XVI.] 
nq  ^  -^ 

This  is  instructive.  The  higher  the  internal  resistance  of  a 
dynamo  the  greater  must  be  the  number  of  the  regulating 
coils  in  series,  if  it  is  to  be  self-regulating. 
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Returning  to  the  equation  of  condition,  we  will  write  it 
in  the  second  form — 

which  for  a  given  number  of  series  coils  gives  us  as  the  value 
of  the  critical  speed, 

and  this  speed  will  be  higher  the  greater  the  internal  resistances 

are. 

Lastly,  we  may  write  the  last  equation  in  the  following 

way, 

-  .    ,  ,  total  internal  resistance        ^ 

critical  speed  =  r t-^ ? -\    ^  a  quantity 

^  number  of  turns  of  series  coils 

depending  only  on  the  armature  windings  and  on  the  magnetic 

circuit  and  its  working  permeability  within  the  range  for  which 

regulation  is  required. 

So  far  we  have  assumed  that  the  only  cause  of  drop  of 

pressure  that  needed  to  be  compensated  for  was  that  due  to 

internal  resistances.      But  the  drop  of  pressure  due   to  the 

demagnetizing  action  of  the  armature  is  in  modern  machines 

a  consideration  of  even  more  importance.     To  take  account 

of  this  action  we  must  remember  that  if  the  angle  of  lead  X  is 

known,  the  demagnetizing  belt  of  conductors  (see  p.  261)  will 

be  that   comprised  within  an  angle  of  2  X,  namely  Z  — o. 

90 

Let  the  number  of  paths  or  circuits  through  the  armature  be 
called  c.  Each  conductor  carries  C  -r-  ^  =  Ci  amperes,  making 
the  demagnetizing  ampere-tuins  ZX  Ci -r- 180*^.  Or  if  the 
number  of  armature  conductors  within  the  angle  X  is  called  D, 
the  demagnetizing  ampere-turns  will  be  2  D  X  Ci.  To  com- 
pensate this  we  shall  require  at  least  so  many  series  coils  that 
their  number,  multiplied  by  the  whole  current  C,  shall  produce 
an  equal  number  of  ampere-turns,  or  the  number  of  compen- 
sai-ing  turns  must  be  at  least  2CiD-rC  =  2D-T"^.  Owing 
to  magnetic  leakage  some  increase  is  needed,  and  this  may  be 
roughly  estimated  by  multiplying  by  the  coefficient  of  disper- 
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sion  V,     Hence  we  shall  have  to  increase  S^,  the  series  coils, 
from  the  value  found  above  to  the  value 


S      — 


fn  —  r 


m 


2vT> 


«i  q 


.      [XVII.] 


In  the  special  case  of  chord-windings  (p.  354),  the  com- 
pensation needed  is  less  than  that  given  by  this  formula. 

Case{iL)  Separately^xciting  Coils -^^  SerUs  Dynamo, — In  this  case 
thore  is  an  initial  magnetism  due  to  a  separate  exciting  current. 


AWFERES 
W  X 


FtG.  174. 


If  we  call  the  number  of  magnetic  lines  due  to  the  indejDendent 
excitation  Ni,  the  same  argument  holds  good  as  in  the  preceding 
case,  and  the  same  conclusions.  Ni  will  not,  however,  be  really  a 
constant,  for  the  effect  of  the  introduction  of  a  constant  amount  of 
magnetizing  force  will  vary  with  the  degree  of  saturation  resulting 
from  the  wkolg  magnetizing  force.  If,  however,  the  average  working 
permeability  thoughout  the  range  of  regulation  is  taken  into  account 
in  the  calculation  of  Ni  as  well  as  in  that  of  S,  then  any  falling- 
off  in  the  effect  of  the  independent  exciting  current  is  implicitly 
provided  for. 

Geometrical  Demonstration  of  Cases  (i)  and  (ii). — On  p.  291  it 
was  shown  how  the  values  of  the  potential  at  terminals  fall  off  in 
magneto  and  separately-excited  dynamos  as  the  current  increases, 
e  always  being  less  than  E  by  an  amount  equal  to  r^  C. 

To  represent  the  facts,  let  O  X  and  O  P  be  taken  as  the  axes 
for  plotting  out  amperes  and  volts,  and  let  O  P  (Fig.  174)  represent 
the  electromotive  force  (E  =  «i  M,)  due  to  the  permanent  or  in- 
dependent  magnetism,  as   measured  when  no    current  is    running 
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through  the  annature.  Now,  assuming  that  the  armature  reactions 
are  small  enough  to  be  neglected,  £  will  at  constant  speed  remain 
the  same  with  all  currents,  but  V  will  drop.  From  O  set  off  the  line 
O  J  at  an  angle  such  that  its  tangent  represents  the  internal  resistance 
of  the  machine.  Now  consider  the  case  when  the  current  C  has  the 
particular  value  corresponding  to  the  length  O  W.  The  height  U  W 
will  be  the  drop  in  the  external  volts ;  for  U  W  =  tan  U  O  W  x  O  W 
=  Ta  C.  Cut  off  from  /W  a  portion,  /  Q  =  U  VV,  and  QW  will  re- 
present V.  While  the  curve  for  E  and  C  is  approximately  a  hori- 
zontal line,  the  curve  for  V  and  C  (the  external  characteristic)  falls, 
as  shown  by  the  dotted  line.  Any  point  on  the  V  curve  can  be  got 
from  the  E  curve  by  simply  deducting  from  the  height  a  piece  equal 
to  the  corresponding  width  across  the  triangle  J  O  X.  Now  it  must 
be  obvious  that  if  when  the  E  curve  is  horizontal  the  V  curve  slopes 
downward,  we  must  use  an  E  curve  that  slopes  upward  by  a  precisely 
equal  amount,  if  we  want  to  get  a  horizontal  V  curve ;  that  is  to  say, 
if  we  want  to  get  constant  potential.  How  are  we  to  get  an  upward 
sloping  E  curve  ?  Remember  that  at  a  given  speed,  «i,  the  value 
of  E  is  «i  Mj,  where  Mi  means  that  the  magnetic  circuit  has  some- 
how (either  permanently  or  by  a  separate  current)  been  excited  up  to 
the  degree  requisite  at  no-load.  O  P  may  represent  the  initial 
magnetization.  Therefore  P  is  a  point  on  a  curve  of  magnetiza- 
tion, which  will  rise  still  higher  if  only  we  put  on  more  ampere-turns 
of  excitation.  Therefore  all  that  is  required  to  be  done  is  to  put 
on  the  magnets  a  coil  in  series,  having  such  a  number  of  turns 
Sw  that  the  ampere-turns  S»,  C  will  have  the  effect  of  raising  the 
magnetism  in  the  right  proportion ;  in  fact,  so  that  T  /  shall  be 
equal  to  U  W.  We  have  now  got  an  E  curve  which  slopes  up — 
not  quite  a  straight  line,  to  be  sure,  but  such  that  when  we  subtract 
the  volts  required  to  drive  the  current  through  the  armature  resist- 
ance, we  get  a  V  curve  that  is  appoximately  level. 

Comparing  the  algebraic  and  geometric  methods,  we  see  that 
/  V  corresponds  to  «i  M^ ;  T  /  to  //j  ^  Sw  C  ;  and  U  W  to  Va  C,  or 
if  the  resistance  of  the  added  series  coil  is  included  in  the  slope  of 
the  line  O  J,  U  W  will  correspond  to  (r^  -|-  r,/,)  C. 

Case  {Hi.).  Series  Regulating  Coils  +  Shunt  Exciting 
Coils  :  "  Componnd  Winding!' — The  compound-wound  dynamo 
may  be  regarded  as  either  a  series  dynamo  to  which  some 
shunt  windings  have  been  added,  so  as  to  provide  an  initial 
magnetization,  or  as  a  shunt  dynamo  to  which  some  series 
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windings  have  been  added  to  compensate  for  the  drop  of 
potential  at  the  terminals.  There  are  two  possible  methods 
of  connecting  the  shunt  coils  to  the  dynamo,  and  the  pro- 
portions differ  slightly  in  the  two  cases.  In  the  **  short-shunt " 
method  the  shunt  coils  are  joined  as  a  shunt  to  the  armature 
part  of  the  dynamo  only,  being  connected  across  from  brush 
to  brush.  In  the  "  long-shunt "  method  the  shunt  coils  are 
connected  across  the  terminals  of  the  machine,  and  may, 
therefore,  be  regarded  either  as  a  shunt  to  the  external 
circuit,  or  as  a  shunt  to  the  armature  and  series  coils  together. 
In  the  former  arrangement  the  current  through  the  shunt  is 
not  constant,  because  though  V  may  remain  fairly  constant. 


the  potential  at  the  brushes  does  not,  but  increases  when  the 
external  circuit's  resistance  decreases.  In  the  latter  arrange- 
ment the  current  through  the  shunt  is  constant  if  V  is  constant, 
and  the  oase  becomes  one  analogous  to  those  already  discussed, 
of  an  independent  constant  excitation.  The  connexions  of 
the  short-shunt  method  are  indicated  in  Fig.  175.  In  a  well- 
designed  dynamo  it  makes  very  little  difference  whether  the 
shunt  is  connected  across  the  brushes  or  across  the  terminals 
of  the  main  circuit.  The  connexions  of  the  long-shunt  arrange- 
ment are  as  shown  in  Fig.  176,  The  calculations  for  the  two 
cases  are  practically  identical,  and  involve  the  same  kind  of 
arguments.  That  for  long- shunt  is  a  little  more  simple,  and 
is  accordingly  given. 
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We  have  then 

E  =  ;/  M  ; 

V  =  E  -  (r,  +  r«  C  J, 

and  as  the  magnetism  depends  on  the  total  number  of 
ampere-turns  of  excitation  we  shall  write 

M  =  ^  (S,C,  +  S^Q    .     .     [XVIIL] 

where  q  has  the  same  signification  as  before  (p.  310),  and 
is  the  variable  number  representing,  at  the  various  stages 
of  magnetization,  the  numerical  ratio  between  flux  and  ex- 
citation for  the  magnetic  circuit  of  the  particular  dynamo. 
For  the  present  purpose  it  is  also  necessary  to  consider 
the  value  which  q  has  when  the  external  current  is  zero,  and 
when  the  only  excitation  is  that  due  to  the  shunt :  this  may 
be  called  q^-     Then  the  initial  flux  on  open  circuit  will  be  : — 

M  =  ^^  S,C^ 
Then  from  the  three  equations  we  have 

Now  here  we  have  three  terms,  the  first  containing,  as 
factors,  the  speed  (which  may  be  kept  constant),  and  the 
shunt  current  C,  which  will  be  made  constant  if  V  can  be 
made  constant ;  the  second  contains  the  speed  also  as  a  factor ; 
the  second  and  third  both  contain  the  variable  current  C^. 
The  two  variable  terms  are  of  opposite  sign.  Now  V  cannot 
possibly  be  a  constant,  when  two  of  its  terms  contain  a  vari- 
able as  factor,  unless  the  coefficients  of  that  variable  factor  are 
such  that  they  make  those  two  terms  cancel  one  another ; 
V  cannot  be  constant  unless  either  the  speed ;/  or  the  windings 
Sw,  or  both,  are  so  adjusted  as  to  fulfil  this.  But  these  can 
be  varied,  so  that  it  is  possible  for  the  two  coefficients  to  be 
equal,  viz. — 

11  q  S,;,  =  r^  +  r^. 

This  is  then  one  of  the  two  equations  of  condition  ;  and  the 
critical  number  of  series-turns  at  the  given  speed  will  be 

c     _  ^ «  +  ^^     I 
;/  q 
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Or,  if  S,,  is  prescribed,  the  critical  speed  will  be 


,,  _  ^/i  +  ^««     I 

71  — ^  •   —  • 


If  this  condition  be  observed,  then  V  will  be  constant  and 

have  the  value 

V  =  «  ^  S,  C^ 

But  this  would  leave  V  indeterminate,  since  C,  =  V  -^  r^ 
But  we  may  reflect  that  though  this  equation  might  not  give 
us  the  value  of  V,  there  will  nevertheless  be  a  determinate 
value  for  it,  namely,  the  same  value  that  V  would  have  when 
there  is  no  current  taken  from  the  dynamo  at  all,  but  when  it 
is  running  on  open  circuit  only.  Under  these  conditions  the 
value  of  V  will  be 

or,  since  here  q  has  the  value  qo, 

W  ^  nq^St C,. 

But  V  =  C,r^  whence  we  get 

S,     q^ 

Comparing  this  value  of  n  with  that  obtained  in  the  first 
equation  of  condition,  we  get 

r,    _  ra  +  r^  . 
S,  qo  S,«  q 

whence,  finally,  as  the  second  equation  of  condition, 

S,  r,  q 

_  -  ^  ^  — ~ .  -    . 

^w  ''a     I     ^m       qo 

As  qo  is  proportional  to  /x^  the  initial  permeability  when  the  shunt 
only  is  at  work,  and  q  proportional  to  the  average  permeability  /a  for 
the  range  of  working  between  zero  current  and  maximum  current,  it 
follows  that  if  there  were  no  alteration  of  saturation,  q-h-q^  would 
equal  1. 

To  compensate  for  the  demagnetizing  action  of  the  armature, 
additional  turns  are  required  in  the  series  coil,  as  explained  above 
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on  p.  312.     To  make  the  last  set  of  formulae  complete  S  should  be 

2  vD 
replaced  by  S  — 

Over-compounding, — It  will  be  noticed  that,  apart  from 
the  demagnetizing  action  of  the  armature,  the  amount  of 
excitation  to  be  provided  for  by  the  series  coils  is  always 
proportional  to  the  resistances  that  are  in  the  main  circuit 
and  internal  to  tite  point  for  which  tlie  constant  difference  of 
potential  is  desired ;  this  renders  it  possible,  in  a  case  where 
the  mains  leading  from  a  dynamo  to  the  lamps  are  long,  so 
to  compound  the  dynamo  by  adding  more  coils  in  series  as 
to  give  a  constant  potential,  not  at  its  terminals,  but  at  the 
distant  point  of  the  circuit  where  the  lamps  are  to  be  used. 
This  is  a  most  valuable  circumstance  in  all  cases  where  the 
lamps  are  far  from  the  dynamo,  as  in  the  lighting  of  mines 
from  machinery  at  the  surface,  or  as  in  the  case  of  long 
feeder  mains  ;  for  then  by  over-compounding,  one  can  obtain 
a  constant  pressure,  not  at  the  terminals  of  the  dynamo,  but 
on  the  mains  at  some  feeding-point  in  the  distributing  net- 
work. There  is  another  advantage  in  over-compounding, 
namely,  that  when  the  full  load  comes  upon  a  machine,  the 
engine,  however  carefully  governed,  generally  slows  down  a 
little,  tending  to  produce  a  further  drop  in  the  voltage.  As 
an  example  of  over-compounding  it  may  be  mentioned  that 
the  6-pole  street-tramway  generator,  described  on  p.  677^ 
required  about  4000  ampere-turns  per  pole  on  open  circuit, 
but  had  a  series-winding  which  allowed  an  additional  6000 
ampere-turns  per  pole  at  full  load. 

Arrangements  of  Compound  Winding, — Compound  wind- 
ings may  be  arranged  in  several  different  ways.  If  wound 
on  the  same  core  the  shunt  coils  are  sometimes  wound  outside 
the  series  coils :  more  frequently  the  series  coils  are  outside 
the  shunt.  In  the  former  editions  of  this  work  the  recom- 
mendation was  made  to  wind  the  series  coils  nearer  the  pole 
than  the  shunt  coils.  If  the  magnetic  circuit  through  the 
ironwork  be  good,  the  position  of  the  coils  makes  little 
difference. 

Predetermination  of  Compound  Wielding, — The  predetermi- 
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nation  of  the  amount  of  compound  winding  as  a  part  of  prac- 
tical designing  depends  (i)  on  the  preliminary  estimation  of 
the  amount  to  which  the  voltage  must  be  raised  at  full  load  ; 
(2)  on  an  estimation  of  the  demagnetizing  reactions  to  be  com- 
pensated. Directions  for  taking  these  into  account  are  to  be 
found  in  Chapter  XVII.,  and  examples  of  working  out  are 
given  in  Chapter  XIX,  in  the  analysis  of  some  typical 
machines. 

A  Practical  Process  for  Compounding, — Let  the  armature 
of  the  machine  be  run  at  the  proper  speed  dictated  by 
mechanical  considerations,  and  let  a  voltmeter  be  applied  at 
the  terminals.  Two  experiments  are  then  necessary.  First, 
by  means  of  temporary  coils,  having  a  known  number  of 
turns  wound  on  the  field -magnets,  and  furnished  with  mea- 
sured currents  from  some  accumulators  or  another  dynamo, 
ascertain  the  number  of  ampere-turns  that  will  suffice  to 
excite  up  the  magnets  to  this  point.  From  this  Z  can  be 
determined  ;  for  C,  is  known  beforehand,  say  2  per  cent,  of 
the  whole  current  at  full  load.  Secondly,  put  into  the  main 
circuit  some  resistance  to  represent  the  maximum  load  of 
lamps,  and  while  the  machine  is  running  at  its  proper  speed, 
ascertain,  using  still  the  temporary  coil  and  accumulators, 
how  many  ampere-turns  of  excitation  are  needed  in  total 
when  the  machine  is  doing  full  work.  Subtract  from  this 
the  value  of  C,  S,  obtained  in  the  first  experiment,  and  the 
remainder  gives  the  number  of  ampere-turns  which  the  series 
coil  must  furnish ;  and  as  the  maximum  current  is  known, 
S^can  at  once  be  calculated.  The  same  process  suits  for 
over-compounding,  the  excitation  at  full  load  being  raised 
until  the  volts  at  terminals  rise  to  the  higher  number  of  volts 
that  will  allow  for  the  drop  in  the  leads. 

Adjusting  S/iunt,— Some  makers  of  compound  dynamos 
adopt  the  practice  of  providing  their  machines  with  a  .series- 
winding  of  a  higher  number  of  turns  than  is  actually  needed 
for  giving  the  prescribed  voltage  at  full  load,  and  adding  to 
this  winding  an  external  shunt  which  can  be  adjusted  after 
the  machine  is  installed  ;  this  shunt  being  a  mere  by-pass 
which  reduces  to  any  required  extent  the  ampere  turns  of 
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additional  excitation.  If  iron  is  used  for  this  external  shunt, 
then  owing  to  the  high  temperature  coefficient  of  its  resist- 
ance, it  will  when  hot  carry  a  less  fraction  of  the  whole 
current,  thus  causing  the  voltage  to  rise  still  higher  at  full 
load. 

Balancing  Wires,  —  Where  two  or  more  compound 
machines  are  to  be  operated  in  parallel,  it  is  necessary  to 
provide  an  extra  terminal  to  enable  a  balancing  wire  to  be 
carried  between  the  machines  in  order  that  they  may  be  put 
in  parallel,  not  only  on  external  circuit  but  also  at  the  brushes, 
so  as  to  equalize  the  voltages  at  their  armatures.  The  reader 
should  consult  the  passage  on  coupling  dynamos  in  Chapter 
XXVII. 
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CHAPTER  XII. 

CHARACTERISTIC  CURVES.  " 

Many  practical  problems  in  the  construction  of  dynamo- 
electric  machines  are  in  the  present  state  of  science  solved  by 
the  use  of  graphic  diagrams,  and  particularly  by  the  use  of 
certain  curves  technically  called  characteristics.  The  method 
of  constructing  and  using  these  curves  forms  an  important 
part  of  the  theory  of  the  dynamo.  The  characteristic  curve 
stands  indeed  to  the  dynamo  in  a  relation  very  similar  to  that 
in  which  the  indicator  diagram  stands  to  the  steam  engine. 
As  the  mechanical  engineer,  by  looking  at  the  indicator 
diagram  of  a  steam  engine,  can  at  once  form  an  idea  of  the 
qualities  of  the  engine,  so  the  electrical  engineer,  by  looking  at 
the  characteristic  of  the  dynamo  can  judge  of  the  qualities 
and  performance  of  the  dynamo.  The  comparison  may  even 
be  said  to  reach  farther  than  this. 

The  steam-engine  indicator  diagram  serves  two  purposes 
which,  though  not  unconnected  with  one  another,  are  yet 
distinct  When  the  scale  on  which  the  diagram  is  drawn  is 
known,  it  gives  direct  information  as  to  the  horse-power  at 
which  tile  engine  is  working,  depending  on  the  total  area 
enclosed  by  the  curve,  and  quite  irrespective  of  its  form. 
But  even  though  the  actual  scale  be  not  known,  the  details  of 
the  form  of  the  curve  at  its  various  points  give  very  definite 
information  to  the  engineer  as  to  the  working  of  the  engine, 
the  perfection  of  the  exhaust,  the  setting  of  the  valves,  the 
efficiency  of  the  cut-off,  and  the  adequacy  of  the  supply  pipes 
and  port-holes  of  the  valves. 

So  also  the  characteristic  curve  of  the  dynamo  may  serve 
two  functions.     When  the  scale  on  which  it  is  drawn  is  known 
I.  Y 
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it  tells  the  horse-power  at  which  the  dynamo  works  ;  nay, 
can  indicate  at  what  horse-power  the  dynamo  may  be  worked 
to  the  greatest  profit.  But  even  though  the  actual  scale  be 
not  known,  the  details  of  the  form  of  the  curve  afford  definite 
information  as  to  the  conditions  of  the  working  of  the  machine  ; 
the  degree  of  saturation  of  its  magnets,  the  sufficiency  of  the 
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Fig.  177.— Characteristic  Curve  of  a  Series  Dynamo. 

field-magnets  in  proportion  to  the  armature,  and  the  goodness 
of  the  design  in  several  respects. 

The  first  self-exciting  dynamos  put  into  commerce  were 
series  wound  ;  they  were  found  to  possess  a  most  puzzling 
instability  of  behaviour,  sometimes  losing  their  current  alto- 
gether, and  refusing  to  excite  themselves.  This  and  other 
peculiarities  were  not  understood  until  the  curves  of  their 
performance  were  studied. 
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The  suggestion  to  represent  the  properties  of  a  dynamo 
machine  by  means  of  the  characteristic  curve  is  due  to  the  late 
Dr.  John  Hopkinson,  who  in  1879  described  such  curves  to 
the  Institution  of  Mechanical  Engineers,  and  gave  the  curve 
of  the  Siemens  dynamo  reproduced  in  Fig.  177,  The  name  of 
''characteristic"  was  assigned  in  1881  by  M.  Marcel  Deprez* 
to  Hopkinson's  curves ;  and  the  excellence  of  the  name  has 
been  attested  by  its  general  adoption. 

Experiments  on  Siemens  Dynamo  at  Spekd  of 
720  Revolutions  per  Minute. 


Current 
(in  amperes). 

0*0027 

Re»istance 

(in  ohms). 

R 

Electromotive-Force 

(in  volt»). 

£ 

1025 

2'72 

0-48 

8*3 

3*95 

1-45 

5'33 

7-73 

i6-8 

4-07 

68-4 

i8-2 

3-88 

70-6 

24*8 

3-205 

79*5 

268 

!             3-025 

8i-i 

32-2 

2*62 

84-4 

34-5 

2'43 

83-8 

37-1 

2-28 

84-6 

42*0 

2-o8 

87-4 

Hopkinson's  object  was  to  represent  the  relation  subsisting 
between  the  electromotive-force  and  the  current ;  he  therefore 
constructed  from  observations  a  curve  in  which  the  abscissae 
measured  horizontally  represent  the  number  of  amperes 
of  current  flowing,  and  the  vertical  ordinates  the  corresponding 
values  of  the  electromotive-force.  The  table  above  gives  the 
observed  values  C  of  the  current,  and  E  the  electromotive- 
force,  of  a  certain  series-wound  dynamo. 

It  may  be  remarked  that  the  electromotive-force  E  is  the 

*  Vide  La  Lumihre  Aitctrique^  Dec.  3,  1881  ;  where,  however,  Deprez  gives  a 
method  of  observation  that  is  open  to  the  objection  that  it  neglects  the  armature 
reactions. 

Y   2 
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total  electromotive-force  generated  in  the  machine,  and  must 
not  be  confounded  with  V  the  difference  of  potential  between 
the  terminals  as  measured  by  a  voltmeter,  or  other  similar 
instrument.  In  many  cases  we  now  prefer  to  plot  V  instead 
of  E ;  but  that  was  not  Hopkinson's  original  method.  He 
determined  E  by  measuring  C  and  multiplying  it  by  the  total 
resistance  of  the  circuit ;  for  by  Ohm's  law  C  R  =  E.  It 
should  also  be  remarked  that  the  dynamo  was  a  "series 
dynamo,'*  shunt-wound  machines  not  having  at  that  date 
come  into  vogue. 

Before  entering  into  other  points,  it  may  be  worth  while 
to  consider  the  meaning  of  the  curve.  It  begins  at  a  point  a 
little  above  the  origin.  This  shows  that  there  was  a  small 
amount  of  residual  magnetism  remaining  permanently  in  the 
field-magnets.  The  curve  ascends  at  first  at  a  steep  angle,  then 
curves  round  land  eventually  assumes  a  nearly  straight  course, 
but  at  a  gentler  slope  than  before.  As  the  speed  is  constant 
the  only  variable  of  importance  is  the  magnetism.  As  this 
rises  and  grows  toward  a  maximum,  so  does  the  induced 
electromotive-force.  We  might  therefore  expect  that  this  curve 
should  exhibit  peculiarities  of  form  similar  to  those  of  the 
curve  which  represents  the  relation  between  the  magnetizing 
current  and  the  magnetization  of  an  electromagnet ;  and  a 
comparison  of  Fig.  177,  the  "characteristic"  of  the  series 
dynamo,  with  Fig.  51^1,  the  "magnetization  curve"  of  an 
electromagnet,  will  suffice  to  reveal  the  analogy.  It  must, 
however,  be  remembered  that  the  magnetism  of  the  dynamo 
is  affected  by  the  reaction  of  the  armature. 

Dr.  Hopkinson,  in  the  paper  alluded  to,  and  in  a  second  one 
published  in  the  Proc.  Inst.  Mech.  Engin.,  in  April  1880,  p.  206, 
pointed  out  a  great  many  of  the  usefiil  deductions  to  be  drawn  from 
a  consideration  of  these  curves.  Some  other  deductions  have  been 
made  by  M.  Marcel  Deprez,  for  which  the  reader  is  referred  to 
La  Lumihre  J^leOrique,  of  Jan.  5th,  1884.  Dr.  O.  Frolich  also 
published  several  important  papers  on  the  subject  in  the  Ekktrotech- 
nische  Zeitschrift  for  1881  and  1885.  Hopkinson  returned  to  the 
subject  in  a  lecture  before  the  Institution  of  Civil  Engineers,  "  On 
Some  Points  in  Electric  Lighting,"  April  1882.     See  also  his  book 
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on    Dynamo-Electric .  Machines  (London    1893),   and   the    Reprint 
(Cambridge  1901)  of  his  Original  Papers^  vol.  i.  pp.  32  to  132. 

As  mentioned  at  the  beginning  of  this  chapter,  if  the 
characteristic  curves  are  drawn  to  scale  the  output  of  the 
dynamo  may  be  read  off  from  them  in  horse-power.  The 
unit  of  electric  power,  the  product  of  one  volt  into  one  ampere, 
has  been  called  by  the  special  name  of  one  ivatt.  One  watt 
is  equal  to  7^  of  a  horse-power.  To  calculate  the  horse-power 
(electrical)  evolved  in  the  circuit  when  the  dynamo  is  running 
with  any  number  of  lamps  in  circuit,  two  measurements  have 
ordinarily  to  be  made — the  volts  of  electromotive-force  and 
the  amperes  of  current.  These  must  then  be  multiplied 
together  and  divided  by  746  to  obtain  the  horse-power.  But 
if  the  characteristic  of  the  dynamo  at  the  particular  speed  be 
known,  a  reference  to  the  curve  will  show  at  once  what  the 
electromotive-force  is  that  corresponds  to  any  particular 
current.  For  example,  in  the  Siemens  dynamo  examined  by 
Hopkinson,  the  characteristic  of  which  is  given  in  Fig.  177, 
p.  322,  suppose  the  dynamo  was  working  through  such  a  resist- 
ance as  to  give  30  amperes  when  running  at  720  revolutions, 
we  see  at  once  that  the  corresponding  electromotive-force 
is  83.     Hence 

— ^ — -^  =3*3  horse-power. 
746 

Now  to  obviate  such  calculations  we  may  plot  out  on  the 
diagram  some  additional  curves  crossing  the  characteristics 
and  mapping  them  out  into  equal  values  of  horse-power. 
These  "  horse-power  lines  "  are  nothing  else  than  a  set  of  rect- 
angular hyperbolas.  For  example,  the  i -horse-power  line  will 
pass  through  all  the  points  for  which  the  product  of  volts  and 
amperes  is  equal  to  746.  It  will  therefore  pass  through  the 
point  corresponding  to  74*6  volts  and  10  amperes;  through 
37 "3  volts  and  20  amperes;  through  14*92  volts  and  50 
amperes,  etc.,  because  the  product  in  each  of  those  cases  is 
equal  to  746  watts  or  i  horse-power.  The  2-horse-power  line 
will  pass  through  points  whose  product  values  are  equal  to 
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46  X  2  ;  the  other  lines  are  drawn  similarly.  Fig.  178 
shows  the  characteristic  of  the  Siemens  machine,  reproduced 
from  Fig.  177  above,  but  with  the  horse-power  lines  added. 

In  this  case  the  volts  plotted  are  the  total  electromotive- 
force  E,  of  the  dynamo,  and  therefore  the  horse-power 
represents  the  gross  electric  output.  If  instead  of  E  we  had 
plotted  the  values  of  V,  the  volts  at  the  terminals,  we  should 
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Fig.  178.— Characteristic  with  Horse-power  Lines. 


have  had  a  slightly  different  curve,  representing  the  nett 
output  available  for  useful  purposes  in  the  external  circuit. 

If  the  vertical  and  horizontal  scales  are  not  chosen  equal, 
the  horse-power  lines,  though  hyperbolae,  are  of  course  dis- 
torted. 

External  Cliaracteristics  or  Terminal  Potential  Curves, — 
The  name  external  cJiaracteristic  may  be  given  for  the  sake  of 
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distinction  to  those  curves  which  exhibit  the  relation  between 
the  potentials  and  the  currents  of  the  external  circuit.  In  the 
series  dynamo  it  is  a  simple  matter  to  derive  one  of  these 
curves  from  the  other,  provided  the  internal  resistance  of  the 
machine  (armature  and  field-magnets)  is  known.  In  the 
Siemens  dynamo  examined  by  Hopkinson  in  1879,  and  of 
which  Figs.  177  and  178  give  the  total  characteristic,  the  total 
internal  resistance  was  0'6  ohm.     The  curve  is  reproduced  for 
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Fig.  179.— Total  and  External  Characteristics. 

a  third  time  in  Fig.  179,  where  it  is  marked  "  E."  Now  to 
force  a  current  of  10  amperes  through  a  resistance  of  0*6  of 
an  ohm  would  require  a  difference  of  potential  of  6  volts 
between  its  terminals.  Looking  at  the  curve  we  see  that  the 
whole  electromotive-force,  corresponding  to  10  amperes,  was 
about  46-5  volts.  Of  this  number,  6  were  employed  as 
mentioned,  in  overcoming  the  internal  resistance,  leaving  40*5 
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volts  as  the  available  potential  between  terminals.  Further, 
when  the  current  was  running  at  50  amperes,  there  must  have 
been  no  less  than  30  volts  lost  in  overcoming  the  internal 
resistance  of  o*6  ohm :  and  as  the  value  of  E  for  this  current 
is  90*5  volts,  there  remain  60*5  volts  for  V.  There  are  now 
two  ways  open  to  us  of  representing  these  matters  oh  our 
diagram.  They  are  both  shown  in  Fig.  179.  The  line  J  is 
drawn  through  the  origin,  and  through  the  values  of  6  volts 
for  10  amperes  and  30  volts  for  50  amperes.  (The  tangent  of 
the  slope  of  the  line  J  is  equal  to  6  -r-  10  =  0'6.  We  shall 
see  later  that  this  slope  represents  the  internal  resistance.) 
Then  if  the  heights  of  the  ordinates  from  the  base  line  up  to 
the  line  E  represent  total  volts  induced,  and  if  the  heights  of 
the  ordinates  from  the  base  line  up  to  the  line  J  represent  the 
corresponding  volts  lost  in  overcoming  internal  resistance,  it 
follows  that  the  difference  of  potentials  at  the  tenninals  will  be 
represented  by  t/ie  differences  of  the  ordinates  between  the  lities 
J  and  E.  This  is  the  first  way  of  representing  those  differences 
of  potentials.  The  second  way  is  to  cut  off  from  the  tops  of 
the  ordinates  portions  equal  to  those  of  the  line  J.  This 
amounts  to  subtracting  the  internal  volts,  which,  cis  shown  in 
the  algebraic  theory  are  equal  to  C  (r^  +  r„, ),  from  E,  and  so 
obtaining  the  values  of  V.  These  are  plotted  out  in  the  curve 
marked  "  V  **  in  the  figure ;  and  as  this  cur\'e  represents  the 
available  electromotive-force  in  the  external  circuit,  it  obtains 
the  name  o{  external  clmracteristic  or  terminal  potential  curve. 
As  a  matter  of  fact  it  is  more  usual  to  reverse  the  operation. 
The  terminal  potential  values  are  easily  observed  with  a  volt- 
meter and  the  current  with  an  ampere-meter.  Then  the 
external  curve  for  V  and  C  is  plotted ;  and  by  adding  to  the 
ordinates  the  corresponding  values  of  the  lost  volts,  and  so 
obtaining  the  curve  for  E  and  C.  If  there  is  permanent  mag- 
netism in  the  magnets,  the  characteristics  will  not  start  from 
the  origin,  but  from  a  point  a  little  above  it 

Characteristics  of  Series  Dynamo, — The  Siemens  dynamo 
of  which  the  characteristic  is  given  in  Fig.  177,  was  a  series 
dynamo.  For  the  sake  of  comparison  the  characteristic  is 
given  in  Fig.  180  of  an  "A"  Gramme  machine  also  series- 
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wound.  This  machine  had,  when  it  was  measured  by  M. 
Marcel  Deprez,  0*41  ohm  resistance  in  the  armature  coils  and 
o-6i  ohm  in  the  coils  of  the  field-magnets.  Two  charac- 
teristics are  given  ;  one  corresponding  to  a  speed  of  1440,  the 
other  to  a  speed  of  950  revolutions  per  minute.  The  horse- 
power lines  are  also  shown  dotted. 


ttO 


0  JO  ^0  oo  JO 

Fig.  180. — CHARACTf^RisTic  AT  Different  Speeds. 

In  the  series  dynamo  the  magnetization  of  the  magnets 
increases  with  the  current,  and  therefore,  at  first,  the  electro- 
motive-force increases  also,  giving  the  first  straight  portion  of 
the  curve.  As  the  magnets  approach  saturation  the  curve 
turns,  and,  as  the  reactions  due  to  the  current  in  the  armature 
now  become  of  relatively  great  importance,  flattens  itself  and 
ultimately  turns  down  again  ;  the  increased  lead  of  the  brushes 
greatly  adding  to  the  effect  because  it  increases  the  demag- 
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netizing  reaction  of  the  armature.  The  dip  in  the  charac- 
teristic is  always  greater  in  the  case  of  weak  field-magnets,  or 
of  those  machines  that  are  far  from  saturation  in  the  teeth  and 
pole-tips. 

For  the  special  purpose  of  studying  the  magnetization 
of  the  machine  it  is  convenient  to  mark  the  abscissae  in 
ampere-turns  rather  than  in  amperes  only. 

One  more  cur\'e  of  a  series-wound  dynamo  is  given  in 
Fig.  i8i.  This  is  a  small  Brush  machine  (intended  to  supply 
a  single  arc  light)  of  the  early  pattern,  with  solid  iron  ring,  in 
which,  owing  to  the  peculiar  arrangement  of  the  coils  (see 

p.  737),  the  reactions  of  the 
armature  make  themselves 
known  by  a  very  extra- 
ordinary down-bending  of 
the  characteristic.  This  is 
partly  due  to  the  arrange- 
ments for  cutting  out  a  pair 
of  coils  as  they  approach  the 
neutral  point.  It  will  be 
noticed  that  the  maximum 
horse-power  of  this  small 
machine  is  if  horse ;  and 
that  this  value  is  only  ob- 
tained when  the  reactions 
have  already  set  in.  This 
diminution  in  the  electro- 
motive-force is  in  practice  a 
real  advantage.  Should  the 
machine  be  accidentally  short-circuited  while  running,  the 
reactions  of  the  armature  prevent  the  production  of  an 
injuriously  large  current,  which  might  overheat  the  coils. 
It  is  an  advantage  in  machines  for  arc-lighting,  where  a 
nearly  constant  current  is  required,  to  employ  machines  with 
drooping  characteristics,  and  to  work  them  at  this  part  of  the 
curve  (see  p.  750). 

Relation  of  Characteristic  to  Speed. — The  electromotive- 
force  generated   in  a   rotating   coil   or   armature   would   be 
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Drooping  Characteristic. 
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strictly  proportional  to  the  field,  were  it  not  for  the  reactions 
of  the  armature.  Now  in  a  series  dynamo,  the  field  depends 
on  the  current  ;  and,  if  the  current  is  kept  constant  (by 
adjusting  the  resistances),  the  field  will  also  be  constant 
even  though  the  speed  be  varied.  If  therefore  the  cha- 
racteristic of  a  machine  be  known  at  any  speed,  its 
characteristic  for  any  other  speed  can  be  found  by  the  very 
simple  process  of  increasing  the  ordinates  of  the  curve  in  a 
similar  proportion.  Take,  for  example,  the  case  of  the 
Gramme  dynamo,  of  which  a  characteristic  at  the  speed  of 
/  250  revolutions  is  given  in  Fig.  180.  The  characteristic  at 
1440  could  be  calculated  from  it  by  increasing  the  ordinates 

in  the  proportion  of    ^— .     Thus  we  see  from  the  lower  curve 

950 

that  when  the  current  was  20  amperes  the  electromotive-force 
was  79  volts.  Then  79  x  1440-7-950=  119 '7  volts.  The 
actual  electromotive-force  observed  at  the  speed  1440  and 
with  current  at  20  amperes  was  127  volts.  There  is  a  slight 
discrepancy  here,  and  indeed  always;  for  series  machines 
behave  invariably  as  if  a  certain  number  of  the  revolutions  did 
not  count  electrically.  If  the  number  of  "  dead  turns  "  (see 
p.  217)  were  here  reckoned  as  140,  the  number  of  volts  calcu- 
lated by  theory  would  agree  very  exactly  with  that  observed. 
Resistance  in  the  C/taracteristic. — In  the  characteristic 
we  have  volts  plotted  vertically  and  amperes  horizontally. 
Now  by  Ohm's  law,  volts  divided  by  amperes  give  ohms. 
How  can  this  be  represented  in  the  characteristic  ?  Sup- 
pose, for  example,  it  is  required  to  represent  the  resist- 
ance of  the  circuit  corresponding  to  some  particular  current. 
Let  Fig.  182  be  the  characteristic  of  the  dynamo  in  question, 
and  it  is  desired  to  know  what  is  the  resistance  corre- 
sponding to  the  state  of  things  at  the  point  marked  P. 
Draw  the  vertical  ordinate  P  M,  and  join  P  to  the  origin  O. 
The  line  P  O  has  a  certain  slope,  and  the  angle  of  its  slope  is 
POM.  Now  P  M  is  equal  to  the  electromotive-force  under 
consideration,  and  O  M  is  the  current     Therefore,  by  Ohm's 

^^'         v>     .  .               electromotive-force       P  M 
Resistance  = s=  -— —  ; 

current  O  M 
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but 


PM 
OM 


=  tan  P  O  M 


therefore  the  resistance  =  tan  P  O  M.  Put  into  words,  this 
IS  : — The  resistance  corresponding  to  any  point  on  the  character- 
istic by  the  trigonometrical  tangent  of  the  angle  made  by  joining 
t/ie  point  to  the  origin.     An    easy   way  of  reckoning  these 

tangents  is  shown  in  Fig.  182. 
At  the  point  on  the  horizontal 
line  corresponding  to  10  am- 
peres erect  a  vertical  line. 
A  line  drawn  from  the  origin 
at  an  angle  whose  tangent 
is  =  I  (namely  45°)  would 
cross  this  vertical  line  at  a 
point  opposite  the  lo-volt 
mark.  This  point  may  then 
be  called  i  ohm,  and  equal 
distances  measured  off  on  this 
line  will  constitute  it  a  scale 
of  resistances.  In  Fig.  182  the 
resistance  corresponding  to 
point  P  of  the  characteristic  is  seen  to  be  about  i  •  2  ohm 
on  the  scale  of  resistances.  Now  P  is  placed  at  51*3  volts, 
and  the  current  is  43  •  2  amperes.  Dividing  one  by  the  other, 
we  get  I  •  18  ohm.  Such  calculations  are  then  obviated  by  the 
graphic  construction. 

If  in  the  actual  dynamo  the  resistance  of  the  circuit  were 
gradually  increased,  we  should  have  the  point  P  displaced 
along  the  curve  backwards  towards  the  origin,  the  volts  and 
amperes  both  falling  off,  and  the  steepness  of  the  line  O  P 
increasing.  When  O  P  arrived  at  a  certain  steepness  it  would 
practically  form  a  tangent  to  that  part  of  the  characteristic 
which  is  nearly  straight,  and  then  any  very  small  increase  in 
the  resistance  would  cause  the  dynamo  to  lose  its  magnetism, 
from  lack  of  current  to  magnetize  the  magnets. 

Resistance  may  be  similarly  represented  on  the  character- 
istics of  any  dynamo  ;  but  if  the  characteristic  is  drawn  for  the 
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Fig.  182. — Method  of  Represent 
ING  Resistance  Graphically. 
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external  current  and  the  external  difiference  of  potential,  then 
the  resistance  so  represented  will  be  the  external  resistance. 

Relation  of  Characteristic  to  Winding  of  Armature  and 
FieLi' Magnets. — Suppose  the  armature  of  a  machine  to  be  re- 
wound with  a  larger  number  of  turns  of  proportionally  thinner 
wire.  What  will  be  the  result  at  the  same  speed  as  before  ? 
The  resistance  will  be  increased  somewhat,  and  the  electro- 
motive-force also  will  be  higher. 
Let  Fig.  183  represent  the  charac- 
teristic of  the  machine  as  it  was 
when  there  were  Z  conductors  of 
wire  on  the  armature.  How  must  it 
be  drawn  when  the  number  is  in- 
creased to  Z'?  Let  P  represent  a 
point  corresponding  to  a  certain 
strength  of  current.  Taking  the 
new  armature,  let  the  external  re- 
sistance be  varied  until  the  cur- 
rent once  more  comes  to  the  same 
value.  The  magnets  are  now  mag- 
netised exactly  as  strongly  as  be- 
fore ;  but  there  are  Z'  conductors 
of  wire  cutting  the  magnetic  flux, 

instead  of  Z.  The  electromotive-force  will  therefore  also 
be  greater  in  the  like  proportion.  Draw  therefore  P' C  so 
as  to  have  the  proportion  F  C  :  P  C  : :  Z' :  Z.  All  other  points 
on  the  new  characteristic  can  be  obtained  by  similarly  en- 
larging the  ordinates  in  the  same  ratio. 

It  will  be  evident  from  this  that  increasing  the  number  of 
turns  of  wire  in  the  armature  has  the  same  effect  as  increasing 
the  speed  of  driving.  This  shows  that  slow  speed  dynaimos  (for 
use  on  ships,  or  as  exciters)  may  be  made  to  give  the  requisite 
electromotive-force  provided  the  number  of  turns  of  wire  be 
relatively  increased.  This  involves,  however,  a  sacrifice  either 
of  efficiency,  because  of  the  increase  of  resistance  in  the 
armature,  or  else  of  prime  cost  if  thicker  wire  is  used. 

The  effect  of  altering  the  number  of  turns  of  wire  on  the 
field-magnets  can  also    be  traced  out   on  the  characteristic 


Fig.  183. 
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diagram.  Suppose  the  number  of  turns  in  the  magnetizing 
coil  be  S,  and  that  we  re-design  the  machine,  increasing  the 
•  number  to  S'  turns.  What  will  the  result  be  ?  In  this  case 
we  shall  get  the  same  electromotive-force  when  driving  at  the 
same  speed  as  before,  provided  the  magnets  be  equally 
magnetized.  But  if  the  current  goes  S'  times  round  instead 
of  S  we  shall  want  a  current  only  S/S'  as  strong  as  before,  to 
produce  the  same  magnetization.  To  get  the  new  charac- 
teristic then  (see  Fig.  184),  draw  PE  horizontally.  PE  = 
C  O  =  the  current  corresponding  to  electromotive-force  E. 
Find  F  such  that  P'  F  :  P  E  : .  S  :  S' ;  then  the  new  charac- 
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Fig.  185. 


teristic  will  pass  through  P'.  Similarly,  all  other  points  of 
the  new  characteristic  may  be  determined  by  reducing  their 
abscissae  in  a  similar  proportion. 

It  must  be  noted  that  the  latter  process  is  not  admissible 
for  the  characteristics  of  shunt-wound  machines. 

If  keeping  the  resistance  constant  the  speed  is  increased, 
the  increase  of  current  can  be  found  by  reference  to  Fig.  186. 
Let  the  dynamo  be  at  first  working  at  the  point  P.  The 
resistance  of  the  circuit  is  the  slope  of  the  line  O  P.  Now 
draw  the  new  characteristic  for  the  higher  speed  by  increasing 
the  ordinates  proportionally.     Let  the  point  where  the  new 
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characteristic  crosses  the  line  O  P  be  called  P'.     The  abscissa 
O  C  corresponding  to  P'  gives  the  relative  value  of  the  current. 

Critical  Current  of  Series  Dynamo, 
— From  the  fact  that  the  character- 
istics for  different  speeds  differ  only 
in  the  relative  scale  of  the  ordinates, 
an  important  consequence  may  be 
deduced.  The  first  part  of  every 
characteristic  for  any  speed  is  nearly 
straight  up  to  a  point  where  for  that 
speed  the  electromotive-force  is  nearly 
two-thirds  of  its  maximum  value. 
When  the  current  is  such  that  the 
electromotive-force  has  attained  to 
this    value,   any   very  small    change 

either  in  the  speed  of  the  engine  or  in  the  resistance  of 
the  circuit  produces  a  great  change  in  the  electromotive- 
force,  and  therefore  in  the  current ;  therefore  since  this 
critical  case  occurs  always  with  the  same  current  (see  Fig. 
185),  this  current — corresponding  to  the  point  on  all  the 
curves  where  the  straight  line  begins  to  turn — may  be  called 
the  "  critical  current "  of  the  dynamo.  This  is  the  explanation 
of  the  puzzling  instability  remarked  on  p.  332.  The  series 
dynamo  only  "  builds  '*  its  magnetism  when  the  resistance 
is  low  enough,  and  when  excited  and  running  will  "  unbuild," 
or  lose  its  magnetism,  if  the  resistance  of  the  circuit  is  increased 
too  much.  Each  series  dynamo  has  its  own  critical  current, 
and  it  will  not  work  with  a  less  one  ;  for  a  less  one  will  not 
adequately  excite  the  field-magnets.  Since  with  each  speed 
the  characteristic  rises  with  a  corresponding  slope,  there  will 
be  at  each  value  of  the  speed  one  particular  resistance  at 
'  which  the  current  will  have  the  critical  value  ;  and  the  higher 
the  speed  the  higher  may  be  the  resistance.  There  is  no  such 
thing  as  a  critical  resistance  per  se :  for  whether  a  resistance 
is  critical  or  not  depends  upon  the  speed.  Neither  is  there  any 
such  thing  per  se  as  a  critical  speed  far  a  series  dynamo  ;  for 
whether  the  speed  is  critical  or  not,  depends  on  the  resistance 
of  the  circuit. 
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Characteristic  of  Magneto  Machine,  and  of  Separately-excited 
Dynamo, — In  the  magneto  machines  the  magnetism  of  the  steel 
magnets  is  approximately  constant.  So  would  the  magnetism 
be  in  the  iron  of  separately-excited  machines  if  the  exciting 
current  is  kept  constant,  provided  the  cross-magnetizing  and 
demagnetizing  tendency  of  the  currents  in  the  armature  coils 
were  absent  But  the  stronger  the  current  in  the  armature, 
the  stronger  these  reactions.  And,  as  explained  on  p.  260, 
the  demagnetizing  tendency  increases  with  the  lead  given  to 
the  brushes. 

A  careful  study  of  the  characteristics  of  separately-excited 
dynamos  was  made  by  Mr.  W.  B.  Esson,  who  gave  the 
following  curve  for  a   separately-excited   dynamo  having  a 

modified  Pacinotti  ring  arma- 
ture. The  line  E  (Fig.  187) 
represents  the  total  electro- 
motive-force if  there  were  no 
reactions.  The  line  V  repre- 
sents the  values  of  the 
potential  between  the  brushes 
of  the  machine  as  it  would 
be  if  there  were  no  reaction. 

The  curved  line  B  gives 
the  actually  observed  values 
of  V  when  different  currents 
were  taken  from  the  machine. 
The  greater  drop  at  the  lower 
end  of  the  curve  is  probably 
due  to  the  greater  demag- 
netizing effect  when  there  is 
a  considerable  lead  at  the 
brushes.  The  characteristic  always  shows  such  downward 
curvature  more  when  the  field-magnets  are  weakly  excited. 
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Fig.  187.— Charactkristic  of 
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Characteristic  of  Shunt  Dynamo. 

For  the  shunt  dynamo  there  are  two  separate  characteris- 
tics :  the  external  characteristic,  in  which  the  quantities  plotted 
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are  the  amperes  of  current  in  the  external  circuit  and  the  volts 
of  potential  between  terminals  ;  and  the  internal  characteristic 
in  which  the  volts  and  amperes  of  the  shunt  circuit  are  plotted. 
The  internal  characteristic  of  the  shunt  dynamo  is  quite 
similar  to  the  external  characteristic  of  a  series  dynamo,  and 
shows  the  saturation  of  the  field-magnets.      It  is  better  to 
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Fig.  i88.— External  Characteristic  of  Shunt  Dynamo. 

plot  it  with  amperes-turns  instead  of  amperes,  because  the 
magnetization  depends  on  the  number  of  turns  in  the  coil 
as  well  as  the  amperes. 

The  external  characteristic  of  a  small  shunt  dynamo 
(the  same  described  by  the  late  Sir  William  Siemens  before 
the  Royal  Society  in  i88o,  and  by  Mr.  Alexander  Siemens 
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in  the  Journ.  Soc,  Tekg.  Eng.,  March  1880)  is  given  in  Fig.  188, 
and  the  horse-power  lines  are  shown  dotted.  The  utmost 
power  of  this  machine  at  630  revolutions  was  just  under  2 
horse-power  with  a  current  of  30  amperes,  and  an  electro- 
motive-force of  47  •  5  volts. 

The  curve  of  the  shunt  dynamo  is  curiously  different 
from  that  of  the  series  dynamo.  It  begins,  on  open  circuit, 
at  a  point  (marked  V),  where  the  volts  are  a  maximum,  and 
runs  slightly  descending  from  the  horizontal  :  then  descends 
rapidly  and  returns  toward  the  origin  in  a  nearly  straight  line. 
The  straight  portion  represents  the  unstable  state  when  the 
shunt  current  is  less  than  its  true  critical  value.  The  critical 
external  current,  if  it  can  be  so  called,  is  in  Fig.  188  about 
30  amperes.  The  slope  of  the  line  which  constitutes  the  last 
portion  of  the  characteristic  represents  the  resistance  which 
for  the  particular  speed  may  be  termed  the  critical  resistance^ 
and  in  this  case  is  about  i  ohm.  Any  less  resistance  will 
cause  the  magnets  to  lose  their  magnetism  at  once.     Any 
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Fig.  189.— Characieristic  of  a  Shunt  Dynamo. 

greater  resistance  will  at  once  run  the  electromotive-force  up 
above  the  critical  value — in  this  case  about  30  or  31  volts. 
If  the  resistance  of  the  external  circuit  becomes  in  the  least 
degree  altered,  the  electromotive-force  and  current  will  alter 
enormously.  If  the  resistance  be  steadily  increased  (and  the 
slope  of  the  line  from  O  to  the  curve  be  increased  in  steep- 
ness) the  volts  will  go  on  steadily  augmenting,  and  become  a 
maximum  when  the  external  resistance  is  infinite,  that  is  to 
say  when  a  circuit  is  completely  opened  and  the  shunt  coils 
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receive  the  whole  of  the  electromotive-force  of  the  armature. 
Fig.  189  depicts  the  characteristic  of  a  shunt-wound  Gramme 
dynamo  capable  of  giving  400  amperes.  In  this  case  the 
curve  V  represents  the  external  characteristic,  from  which  the 
curve  E  is  calculated  by  adding  to  the  ordinates  portions 
equal  to  ta  C^.  As  the  conductors  of  the  armature  could  not 
safely  carry  more  than  400  amperes,  the  dotted  portion  of  the 
curve  represents  results  not  actually  observed.  It  is  instructive 
to  contrast  the  characteristic  of  th6  shunt  dynamo  with  that 
of  a  series  dynamo  (Fig.  177).  In  the  series  dynamo,  the 
first  part  of  the  characteristic  is'a  sloping  line,  and  the  tangent 
of  the  angle  of  its  slope  is  also  the  critical  resistance  for  the 
given  speed.     But  the  series  dynamo  will  only  work  if  the 
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resistance  of  the  external  circuit  is  /ess  than  the  critical  value, 
and  the  shunt  dynamo  will  only  work  if  the  external  resist- 
ance is  greater  than  the  critical  value.  The  contrast  is  even 
better  shown  by  drawing  a  couple  of  curves  in  the  two  cases 
—  not  characteristics  —  showing  the  relation  between  the 
potential  at  terminals  and  the  resistances  of  the  external 
circuit.  Fig.  190  shows  this  for  a  series  ^lachine,  and 
Fig.  191  for  a  shunt  machine.  The  electromotive-force  of 
the  one  drops  suddenly  when  the  resistance  exceeds  2  ohms  ; 
that  of  the  other  rises  suddenly  when  the  resistance  attains 
the  value  of  i  ohm. 

In  the  shunt  dynamo  the  characteristic  for  a  double  speed 
cannot  be  obtained  as  in  a  series  dynamo  by  doubling  the 
heights  of  the  ordinates,  unless  we  adjust  resistances  so  that 
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we  get  the  same  shunt  current  as  before.  This  is  shown  in 
Fig.  192,  where  V  a  represents  the  external  current  in  the  first 
case,  and  the  slope  of  the  line  0«  is  the  resistance.     If  this 

remains  unchanged,  then  if  the  new 
characteristic  be  drawn,  the  point  A 
where  it  cuts  the  line  O^  gives  the 
new  state  of  things. 

Curve  of  Total  Current  in  Arma- 
ture,— In  the  shunt  dynamo  the  cur- 
rent in  the  armature  is  equal  to  the 
sum  of  the  currents  in  the  external 
circuit  and  in  the  shunt  circuit ;  or 

C,  =  G  +  C,. 

A    curve    showing    the    relation 
'  '^^  between  C  and  V  is  easily  obtained. 

In  Fig.  193  let  the  curve  O  miht,  the  "external  character- 
istic "  at  the  given  speed.  Take  any  point  on  it  ^  ;  at  that 
point  the  potential  between  terminals  in  volts  is  measured 
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Fig.  194. 


by  the  length  oi  mx  ox  ON^  and  the  current  in  amperes 
is  measured  by  the  length  Ox  or  V /«.  Now  draw  the  line 
J O  at  such  an  angle  sO x  that  its  tangent  is  equal  to  the 
resistance  of  the  shunt.  Then  V  s  represents  the  current 
that  will  run  through  the  shunt  when  the  potential  is  O  V  volts. 
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Add  on  to  the  end  of  V  w  a  piece  m  n  equal  \.o  es\  then  the 
whole  line  V  n  represents  the  armature  current  C^  when  the 
potential  has  the  value  O  V.  A  set  of  similar  points  may  be 
found  giving  the  new  curve  O  n  ia  required. 

Total  Characteristic  of  Shunt  Dynamo. — If  the  total  electro- 
motive-force E  and  the  total  current  C«  be  plotted  out  we 
shall  obtain  the  characteristic  of  the  total  electrical  activity 
of  the  dynamo.     This  is  done  in  Fig.  194. 

Draw,  as  in  the  preceding  case,  the  curve  for  V  and  C^- 
Let  p  be  any  point  on  the  curve  where  tH^  potential  is  /  ;r  or 
O  V  and  the  current  Wp  or  Ox.  Then  draw  a  line  O  J  at 
such  an  angle  aOx that  its  tangent  is  equal  to  the  resistance 
of  the  armature.  Call  the  point  where  this  cuts  p  x,  a.  Then 
a  X  represents  the  number  of  volts  required  to  drive  the  current 
Ox  through  the  armature  resistance.  Add  a  piece  q p  equal 
to  ax  to  the  summit  of  the  line 
px.  Then  the  height  qx  repre- 
sents the  total  electromotive-force 
E  when  the  current  C«  has  the 
value  represented  by  O  x. 

Characteristic  of  Shunt  Dynamo^ 
with  Permafient  Magnetism. — If 
there  is  residual  magnetism  in  the 
field-magnets,  there  will  be  an 
electromotive-force  induced,  even 
before  the  shunt-circuit  is  closed. 
In  this  case  the  characteristic 
would  begin  at  a  point  W,  a  short  distance  along  the  horizontal 
axis.  In  fact  the  machine  behaves  as  though  there  were  already 
at  work  some  small  electromotive-force  (not  to  be  plotted), 
which  had  the  effect  of  setting  up  already  a  current  through  the 
machine,  so  that  the  machine  excites  itself  up  with  currents 
that  are,  in  the  early  (and  unstable)  stages  of  the  magnetiza- 
tion, proportional  to  the  ampere-turns  going  round  the  shunt 
circuit,  pliis  some  imaginary  ampere-turns  causing  the  per- 
manent magnetism.  If  there  is  on  the  field-magnet  a  second 
coil,  by  which  an  independent  magnetization  can  be  introduced, 
the  same  kind  of  result  will  follow:  the  characteristic  will 
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begin  at  some  point,  such  as  W,  the  electromotive-force  due 
to  the  ampere-turns  in  the  shunt  being  plotted  out  above 
O,  whilst  the  length  Oq  below  represents  the  part  of  the 
electromotive-force  due  to  the  ampere-turns  (real  or  imaginary) 
of  the  independent  magnetism ;  and  O  W  represents  the 
current  which  the  machine  will  give  when  short-circuited. 

There  will,  in  fact,  be  four  curves  for  a  shunt  dynamo, 
namely,  those  in  which  the  quantities  plotted  out  are  respec- 


FiG.  196. — Four  Curves  of  a  Shunt  Dynamo.  • 

tively  V  and  C  ;  V  and  C^  ;  E  and  C  ;  E  and  C^.  Of  these 
the  first  is  the  external  characteristic^  and  the  fourth  the  total 
characteristic. 

These  four  are  depicted  in  Fig.  196,  >yhere  they  are  named 
A,  B,  C  and  D  respectively.  If  D  is  given,  A  can  be  obtained 
in  the  following  way : — Let  the  lines  O  J  and  O  Z  represent 
respectively  by  their  slope  the  resistance  of  the  armature  and 
of  the  shunt  circuit.  The  curve  B  is  got  from  D  by  deducting 
from  the  ordinates  lengths  equal  to  the  portions  of  ordinates 
intercepted  by  the  line  O  J  ;  and  curve  C  is  got  from  curve  D 
by  deducting  from  the  abscissae  lengths  equal  to  the  portion 
of  the  abscissae  intercepted  by  the  line  O  Z.     Theii  curve  A 
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is  got  by  taking  ordinates  from  B  and  abscissae  from  C  corre- 
sponding to  any  point  on  D. 

It  may  be  noticed  that  whilst  D  B  represents  the  lost  volts 
due  to  internal  resistance  of  armature,  C  D  represents  the  lost 
amperes  which  go  round  the  field-magnets.  The  lower  the 
resistance  of  the  armature,  and  the  higher  the  resistance  of  the 
shunt,  the  less  will  these  losses  be.  In  fact,  with  a  well-built 
modem  machine  the  four  curves  lie  very  close  together. 

If  the  curve  of  magnetization  of  the  machine  is  known,  it  is  easy 
to  determine  the  characteristic  by  a  geometrical  construction.  The 
ciu^e  of  magnetization  0PM  (Fig.  197)  will  show  the  relation 
between  N  and  the  ampere-tums  in  the  shunt  coil,  S^  C,  in  our 
notation. 


Fig.  197* 


Let  this  curve  be  set  out  to  the  left  of  the  vertical  axis,  then  the 
line  O  R  may  be  divided  out  either  in  a  scale  representing  ampere- 
turm  or  in  a  scale  representing  amperes  \  S,  divisions  of  the  former 
scale  corresponding  to  one  of  the  latter  scale.  The  vertical  scale 
plotted  out  along  O  E  may  in  like  manner  represent  either  N  or  E  ; 
«  C  X  10- •  being  the  ratio  of  the  readings  of  the  scales.  Now  set 
out  the  line  O  M,  making  with  O  R  an  angle  such  that  the  tangent  of 
its  slope  corresponds,  in  the  units  chosen,  to  the  resistance  per  turn 
of  the  shunt-winding;  for  example,  if  the  shunt  resistance  be  16,  the 
line  will  pass  through  a  point  the  ordinate  of  which  represents  16 
volts  and  the  abscissa  i  ampere.  Let  this  line  meet  the  curve  of 
magnetization  at  M.  If  we  consider  any  point  P  on  the  curve,  its 
ordinate  P  R  will  represent,  according  as  we  please,  either  the 
effective  magnetism  when  the   magnetizing  current  is  O  R,  or  the 
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whole  number  of  volts  E  induced  in  the  armature  ;  and  the  part  of 
the  ordinate  Q  R  will  represent  the  difference  of  potential  V. 
Clearly  then  P  Q  will  represent  E  —  V,  that  is  to  say,  the  volts  lost 
in  the  armature,  which  are  equal  to  r^  C«.  Now,  if  on  the  right  of 
the  diagram  we  lay  out  a  line  O  J  at  such  an  angle  that  the  tangent 
of  its  slope  represents  the  armature  resistance  r^,  then  if  W  be  taken 
so  far  along  the  horizontal  axis  that  W  U  =  P  Q,  the  length  O  V  will 
represent  C«.  The  most  convenient  construction  is  to  project  points 
P  and  Q  across  to  E  and  V,  and  from  V  draw  V  T,  parallel  to  O  U^ 
meeting  E  T  in  T ;  then  drop  a  perpendicular  from  T  giving  the 
points  /,  U  and  W,  where  T  /  =  U  W.  T  will  be  a  point  on  the  curve 
connecting  E  and  €«  j  /  a  point  on  the  curve  connecting  V  and  C^. 
From  the  latter  curve  the  external  characteristic  can  be  got  as  shown 
on  p.  339.  Of  these  hyperbolic  curves  the  lower  limb  which  returns 
towards  O  represents  the  unstable  portion  corresponding  to  the  lower 


Fig.  198. 


part  of  the  magnetic  curve.  From  the  existence  in  the  curves  of  a 
maximum  value  of  €«,  where  the  curve  turns  round  on  the  extreme 
right,  it  must  not  be  inferred  that  the  machine  can  yield  this  maximum 
current ;  on  the  contrary,  the  maximum  current  that  the  machine  can 
safely  give  depends  on  the  section  of  its  armature  wires,  and  these 
are — in  the  best  machines — not  intended  to  carry  the  current  under 
such  conditions.  The  working  part  of  the  curve  is  usually  the  top 
part  (Fig.  189),  and  it  will  be  obvious  from  the  construction  that  the 
smaller  the  internal  resistance,  the  further  will  the  curve  extend  to 
the  right  and  the  more  nearly  horizontal  will  the  tops  of  both  curves 
be ;  a  good  shunt-dynamo,  with  very  little  internal  resistance,  being 
nearly  self-regulating  for  constant  potential. 

If  there  be  no  initial  or  residual  magnetization,  the  curves  wilb 
both  pass  through  O ;  but  neither  of  them  will  do  so  if  there  is 
initial  or  residual  magnetization.  In  that  case  the  curve  of  magneti- 
zation will  commence  above  O  at  some  point  such  as  K,  Fig.  1 98, 
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and  the  lower  ends  of  the  two  curves  for  E  and  V  will  end  at  points 
so  far  to  the  right  that  the  width  U  W  =  K  O.  With  almost  every 
shunt  dynamo  it  is  found  that  if  descending  values  of  V  are  taken  (at 
any  given  speed)  V  becomes  zero,  whilst  C  has  still  a  definite  value. 

It  will  also  be  noticed  that  the  limiting  value  of  V  depends  on  the 
slope  of  M  O,  that  is  to  say,  on  the  resistance  per  turn  of  the  shunt 
coil;  any  diminution  of  the  resistance  per  turn  will  raise  E  by 
forcing  up  to  a  higher  degree  the  magnetization  corresponding  to  a 
given  value  of  V. 

Series  Dynamo  Contrasted  with  Shunt  Dynamo, — The  difference 
between  series  d3niamos  and  shunt  dynamos  in  their  behaviour  when 
the  resistance  of  the  circuit  is  increased  or  decreased,  has  already 
been  touched  upon  in  p.  339,  In  electric  lighting,  dynamos 
are  usually  required   either  (a)   to   supply  glow-lamps  arranged  in 


Fig.  199. 


Fig.  200. 


parallel,  in  which  case  the  dynamos  must  maintain  a  constant 
potential  at  the  mains,  or  else  {p)  to  supply  arc-lamps  arranged  in 
series,  in  which  case  the  dynamo  is  required  to  yield  a  constant 
current  In  the  case  where  the  potential  is  to  be  constant,  the  current 
will  vary  with  the  number  of  lamps  in  parallel ;  in  the  second  case, 
where  the  current  is  to  be  constant,  the  electromotive-force  must  vary 
as  the  number  of  lamps  in  series. 

To  understand  the  applicability  of  series  or  shunt  dynamos  to 
either  of  these  tasks,  it  will  be  convenient  to  construct  (either  from 
experiment  or  from  theory)  comparative  curves.  In  the  case  of 
parallel  distribution,  every  additional  lamp  switched  on  across  the 
mains  adds  to  the  conductance  of  the  circuit  an  amount  equal  to  its  own 
conductance  {i.e.  equal  to  the  reciprocal  of  its  own  resistance).  It 
is  therefore  expedient  to  plot  out  together  the  values  of  V  and  of 
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r—.     This  has  been  done  in  Fig.  199  for  two  dynamos,  for  each  of 

XV 

which  the  maximum  value  of  V  was  the  same.  It  will  be  seen  that 
for  neither  a  series  nor  for  a  shunt  machine  does  the  value  of  V 
remain  constant  as  the  number  of  lamps  across  the  mains  is  increased. 
The  shunt  machine  gives  the  more  nearly  constant  potential,  but  falls 
off  as  the  number  of  lamps  is  increased. 

In  the  case  of  single-circuit  distribution  to  lamps  in  series,  ever>' 
additional  lamp  adds  to  the  resistance  of  the  circuit,  and  in  this  case 
it  is  expedient  to  plot  out  together  the  values  of  C  and  R.  Fig.  200 
shows  the  result  for  the  two  kinds  of  machine.  It  will  be  seen  that 
neither  machine  gives  anything  like  a  constant  current ;  but  for  the 
shunt  machine  there  is  just  one  brief  stage,  namely,  when  its  current 


Fig.  201. 

is  at  the  maximum,  where  the  value  is  more  constant  than  anything 
that  the  series  dynamo  can  give.  The  dotted  part  of  the  curve 
corresponds  to  the  case  of  a  series  dynamo  so  designed  as  to  have  a 
drooping  cliaracteristic  (like  Fig.  181,  p.  330),  which  gives  more 
nearly  (with  moderately  small  resistances)  a  constant  current.  But  it 
is  abundantly  clear  that  something  more  than  a  simple  series  or 
simple  shunt  machine  is  requisite  to  give  a  real  self-regulating 
machine  for  either  purpose. 

Application  of  Characteristics  to  Dynamos  used  in  Charging  A  ccumu^ 
iators, — The  following  problem  is  of  great  practical  importance  : — Suppose 
a  dynamo  is  used  for  charging  an  accumulator^  and  is  driven  at  a  given 
speedy  what  current  will  pass  through  it  f 

Hopkinson  gave  a  solution  of  this  problem  for  the  case  of  a  series 
dynamo.     Draw  the  total  characteristic  of  the  dynamo  (Fig.  201)  for  the 
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given  speed.  Along  O  Y  set  off  O  E  to  represent  the  electromotive-force 
of  the  accumulator,  and  through  E  draw  the  line  C  £  A,  making  an  angle 
with  O  X  such  that  its  tangent  represents  the  resistance  of  the  whole 
circuity  including  the  accumulators.  This  line  will  cut  the  characteristic 
in  the  points  B  and  A  ;  and,  if  the  characteristic  be  repeated  backwards, 
in  C  also.  This  negative  branch  of  the  characteristic  is  simply  the 
characteristic  of  the  dynamo  when  the  current  through  it  is  reversed,  and 
its  electromotive-force  therefore  also  inverted.  Then  O  L  represents  the 
actual  current  in  the  circuit ;  O  M  represents  an  unstable  current  which 
might  exist  for  a  moment ;  and  O  N  represents  the  current  which  would 
traverse  the  circuit  were  the  accumulators  to  overpower  the  dynamo  and 
reverse  it,  as  indeed  frequently  happens  when  series  dynamos  are  so  used. 
For  it  will  be  observed  that  if,  as  is  the  case  when  accumulators  are 
reaching  their  full  charge,  their  electromotive-force  were  to  rise,  or  the 
resistance  of  the  circuit  to  increase  in  consequence  of  heating,  the  inevit- 
able result  would  be  to  diminish  A  L,  the  effective  electromotive-force, 
and  to  diminish  the  current  O  L,  so  that  the  magnetism  of  the  field- 
magnets  will  also  drop,  and  the  point  A  will  be  brought  nearer  to  the 
position  of  instability  at  the 
bow  of  the  curve.  In  that 
event,  though  the  machine 
still  runs  in  the  same  direction 
as  before,  it  is  in  reality  motor- 
ing ;  the  current  from  the  dis- 
charging accumulators  oper- 
ating to  drive  it. 

With  the  shunt  dynamo 
the  case  is  different  Let 
Fig.  202  represent  the  charac- 
teristic of  the  shunt  dynamo, 
the  ejctemal  current  being 
plotted  along  O  X,  and  the 
total  electromotive-force  along 
O  Y.  Draw  the  line  C  E  A  as 
before.  Then  it  cuts  the  posi- 
tive branch  at  A,  and  O  L  is 
the  current  in  the  main  circuit. 
If,  now,  either  the  counter 
electromotive-force  of  the  ac- 
cumulators or  the  resistance  of  the  circuit  increases,  the  effect  will  be 
to  move  the  point  A  to  a  higher  point  on  the  curve.  The  charging 
current  O  L  may  diminish,  but  the  shunt  current  will  increase  or  the 
effective  electromotive-force  A  L  will  be  increased.  Therefore  with  the 
shunt  dynamo  there  will  be  no  likelihood  of  the  accumulators  over- 
powering and  reversing  the  dynamo. 

In  the  case  of  a  series  dynamo  driving  an  arc  lamp,  Fig.  201  also 
may  be  applied  to  explain  the  instability  sometimes  observed.     The  arc 
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acts  as  though  it  had  a  counter  electromotive-force,  which,  for  steady- 
arcs  is  not  less  than  35  volts.  Hence  if  O  E  is  set  off  to  this  value,  the 
resistance  of  the  rest  of  the  circuit  must  be  low  enough  for  the  sloping 
line  E  A  to  cut  the  curve  above  the  "  knee,"  otherwise  the  condition 
becomes  unstable. 

Characteristic  of  Compound  Dynamo, — In  the  original  theory  of 
constant  potential  machines  devised  by  Marcel  Deprez,  the  argument 
was  based  upon  the  absence  of  saturation,  and  the  presence  of  an 
initial  independent  magnetization.  The  following  was  the  argument 
of  Deprez.  If  there  is  a  permanent  excitation  of  magnetism  quite  in- 
dependent of  that  due  to  the  main  circuit  coils  of  the  dyiiamo,  the 
characteristic  (Fig.  203)  will  not  start  from  O,  but  from  some  point 
above  it  depending  upon  the  amount  of  independent  magnetization 
and  on  the  speed.  Let  the  starting-point  be  P.  OP  is  the  voltage 
between  the  terminals  when  the  main  circuit  is  open,  but  there 
is  no  external  current  until  the  circuit  is  closed,  and  then  the 
characteristic  rises  in  the  usual  fashion  from  P  to  Q.  Draw  O  J  at 
the  proper  slope  to  represent  the  resistance  of  the  armature  and 
series  coils  together.  Now  consider  a  line  O  E  drawn  at  such  an. 
angle  that  the  tangent  of  its  slope  represents  the  total  resistance 
of  the  circuit  at  any  particular  moment.  Then  E  :v  is  the  total 
electromotive-force  at  that  moment,  and  a  part  of  this,  equal  to  a  Xy 
will  be  employed  in  driving  the  current  O  x  through  the  resistance 
of  armature  and  series  coils.  The  remaining  part  Ea  represents 
the  difference  of  potentials  between  the  terminals  of  the  external 
circuijt.  So  the  problem  resolves  itself  into  this :  how  to  arrange 
matters  so  that  £  a  shall  always  be  of  the  same  length  as  O  P,  no 
matter  how  much  or  how  little  the  line  O  E  may  slope.  Clearly  the 
only  way  to  do  this  is  so  to  arrange  the  speed  of  the  dynamo  that 
the  part  from  P  to  Q  shall  be  parallel  to  O  J.  Then,  as  shown  in 
Fig,  204,  the  potential  between  the  terminals  will  be  constant.  It 
will  be  seen  that  this  agrees  with  the  deductions  arrived  at  in  the 
algebraic  treatment  of  the  question :  namely,  tliat  the  critical  speed 
is  proportional  to  the  internal  resistance ;  and  that  the  constant  dif- 
ference of  potential  "Eais  equal  to  that  due  to  the  independent  mag- 
netization O  P  at  the  critical  speed. 

It  should  also  be  noticed  that  if  the  part  of  the  characteristic  be 
not  straight,  that  is  to  say,  if  the  field-magnet  cores  are  becoming 
saturated,  the  regulation  cannot  be  perfecl.  If  the  line  P  Q  be  curved,, 
then  the  potential  for  large  currents  will  not  be  equal  to  that  for  small 
currents.  If,  in  the  practical  process  for  winding  the  magnets,  the  coils 
have  been  wound  so  as  to  make  V  the  requisite  number  of  volts,  both 
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on  open  circuit  {ue.  at  O  P),  and  at  another  point  (say  at  Q  J),  when 
the  dynamo  is  feeding  its  maximum  load,  then  there  will  in  general 
be  a  slightly  greater  potential  for  intermediate  loads,  owing  to  the 
slight  convexity  of  the  curve  between  P  and  Q. 

The  above  argument  holds  good  whether  the  independent  ex- 
citation be  due  to  permanent  magnetism  or  to  a  combination  with 
separately-exciting  coils  (see  pp.  67  and  69),  or  to  shunt-exciting 
coils.  In  the  latter  case  O  P  represents  the  potential  at  terminals 
due  to  shunt  circuit  alone. 
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Fig.  204. 


External  Characteristics  of  Self- Regulating  Dy^namos.  —  Simul- 
taneous observations  of  the  external  current  C  and  the  external 
potential  V  enable  us  to  plot  the  external  characteristic ;  which  in  a 
perfectiy  self-regulating  dynamo  would  be  a  horizontal  line.  If  the 
number  of  regulating  coils  in  series  is  too  small,  the  characteristic  . 
wiU  fall  as  the  current  rises.  If  too  large,  it  \^ill  rise  as  the  current 
rises ;  the  machine  being  in  that  case  over-compounded.  Examples  of 
the  performance  of  compounded  dynamos  are  given  in  Fig.  384, 
p.  523,  and  Fig.  398,  p.  594.  This  latter  case,  however,  is  not 
always  a  disadvantage,  for  with  machines  worked  singly  on  an  engine 
the  speed  often  rises  in  consequence  of  imperfect  governing  when 
the  load  on  the  dynamo  is  small. 


350  Dynamo- Electric  Machmery. 


CHAPTER  XIII. 

THE  THEORY  OF  ARMATURE  WINDING. 

This  chapter  is  devoted  to  the  theory  of  the  ways  of  joining 
up  and  combining  the  conductors  on  the  armatures  of  dynamos. 
Workshop  details  concerning  modes  of  construction  are  con- 
sidered in  Chapter  XlV. 

It  has  been  pointed  out,  on  p.  52,  that  continuous-current 
dynamos  are  usually  provided  with  closed-coil  armatures,  that 
is  to  say  armatures  on  which,  whether  wound  according  to 
the  ring,  drum,  or  disk  type,  the  winding  is  re-entrant  on  itself, 
the  current  dividing  between  at  least  two  paths  and  reuniting 
as  it  leaves  the  armature.  For  machines  with  two  poles  there 
are  usually  but  two  such  paths,  the  current  dividing  once  only. 
But  for  multipolar  machines  there  may  be  either  two,  or  more 
than  two,  such  paths.  The  electromotive-force  of  the  machine 
will  obviously  depend  on  the  mode  of  connexion  of  the  con- 
ductors as  to  how  many  active  conductors  are  connected  in 
series.  Hence  the  necessity  of  understanding  the  theory  of 
armature  winding. 

To  connect  up  rightly  the  conductors  on  an  armature  so 
as  to  produce  the  desired  result  is  a  simple  matter  in  the  case 
of  ring-winding,  for  continuous-current  machines,  whether  of 
bipolar  or  multipolar  type.  It  is  a  less  easy  matter  in  the 
case  of  drum-winding,  especially  for  multipolar  machines. 
Often  there  are  several  alternative  ways  of  arriving  at  the 
same  result ;  and  the  fact  that  methods  which  are  electrically 
equivalent  may  be  geometrically  and  mechanically  different 
makes  it  desirable  to  have  a  systematic  method  of  treating 
the  subject. 

In  Chapter  III.  pp.  50  to  56,  we  have  already  considered 
the  elementary  structure  of  ring,  drum  and  disk  armatures. 
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Those  elements  would  suffice  for  the  consideration  of  small 
armature  coils  with  only  a  feVv  turns  of  wire.  But  when  we 
proceed  to  the  design  of  large  machines,  or  of  machines  which 
are  to  be  wound  so  as  to  give  potentials  as  high  as  100  or 
more  volts,  further  information  is  needed.  For  example, 
suppose  we  have  designed  a  4-pole  machine  having  a  bar- 
armature  with  100  bars  spaced  around  its  periphery,  all  in  one 
layer,  numbered  consecutively  from  i  to  100,  and  we  desire 
to  complete  the  end-connexions ;  we  must  be  able  to  instruct 
the  workman  as  to  the  order  in  which  they  are  to  be  connected. 
Is  he  to  connect  the  front  ^  end  of  bar  No.  i  right  across  to 
bar  No.  50,  or  No.  49  ?  Or  is  he  to  connect  it  across  a  quarter 
of  the  periphery,  and,  if  so,  is  it  to  join  No.  25  or  No.  24,  or 
to  No.  75  or  No.  76  ?  To  which  return-bar  is  he  to  connect 
the  back  end  of  the  bar  ?  And  which  bars  are  to  be  connected 
down  to  the  commutator  ? 

The  object  of  the  present  chapter  is  to  give  information 
on  these  points.  Brevity  is  essential ;  and  much  more  might 
have  been  written.  Those  who  wish  to  go  further  should  con- 
sult the  writings  of  Hering,*  Arnoux,^  Fritsche,*  Weymouth,*' 
Arnold,*  Parshall  and  Hobart,^  as  well  as  sundry  specifications 
to  which  reference  will  be  made. 

Right  and  Left-Handed  Windings, — As  remarked  above, 
there  is  generally  little  trouble  in  understanding  a  ring  wind- 

^  "  Front "  end  means  the  end  where  the  commutator  is ;  armatures  being 
always  most  conveniently  regarded  from  this  end. 

•  Hering  :  Principles  of  Dynamo-EUctric  Machtn€s,'Styf\oxV,  1891, 

•  Amoux  :  V £/ectricien,  xii.  1888,  737,  774,  827. 

*  Fritsche  :  Die  Gleichstrom-Dynamomaschine^  Berlin,  1889. 

'  Weymouth  :  Drum  Armatures  and  Commutators^  London,  1893. 

*  Arnold:  Die  Ankerwickelung der  Dynamomaschineti^  Berlin,  1 891.  Latest 
edition,  1899,  is  entitled  Die  Ankerwickelungen  und  Ankerkonstructionen  der 
Gleichstrom  Dynamomaschinen,  Professor  Arnold's  newest  work,  Die  G/eichstrom' 
machine,  1902,  handles  the  theory  of  windings  still  more  fully. 

'  Parshall  and  Hobart :  Armature  Windings  0/ Electric  Machines,  New  York, 
1895. 

Other  important  articles  on  this  subject  are  : — 

Wiener  :  Dynamo  Electric  Machines  {2nd  edition,  1902),  p.  143. 

Reithofer,  Eichberg,  and  Kallir  in  the  Zeitschrift  fur  Elektrotechnik,  1898,. 
p.  17  ;  and  Robertson,  in  the  Journal  of  the  Institution  of  Electrical  Engineer 5 ^ 
1902,  xxxi.  933. 
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ing,  provided  the  distinction  between  a  right-handed  and  a 
left-handed  winding  is  comprehended. 

Fig.  205  shows  one  section  of  a  ring,  the  direction  of 
the  currents  being  indicated  in  the  same  way  as  on  p.  210, 
Figs.  1 14  to  1 16.  As  we  pass  right-handedly  around  the  circle 
from  a\.o  b  we  follow  a  right-handed  spiral  path,  the  current 
climbing  (as  explained  on  p.  199)  to  the  positive  brush  at  the 
top,  (A  left-handed  coiling,  such  as  Fig,  33,  p.  51,  would 
give  the  positive  brush  at  the  bottom,  unless  either  the  rotation 
or  the  polarity  of  the  dynamo  were  reversed.)  To  say  whether 
a  drum  armature  is  right-handedly  or  left-handedly  wound  we 
must  first  settle  upon  the  particular  end  of  it  from  the  pcwnt  of 


view  of  which  our  statement  is  to  be  applicable  ;  for  instance, 
the  commutator  end  is  conveniently  taken  as  the  one  at  which 
we  are  supposed  to  be  looking.  And  we  must  also  fix  upon  a 
certain  sense  of  rotation  (say  clockwise)  in  which  we  intend  to 
take  the  order  of  the  commutator  bars.  These  two  matters 
being  fixed  arbitrarily,  then  a  right-handed  winding  may  be 
defined  as  follows.  That  winding  is  right-handed  which  in  lead- 
ing from  one  bar  to  the  next  (in  the  order  fixed  as  above)  forms 
a  right-handed  screw. 

Now  consider  Fig.  206,  which  depicts  one  element  or 
section  of  a  drum-winding  having  40  external  conductors. 
Starting  from  a  to  climb  to  b,  and  noting  the  direction  of  the 
currents   in   the  conductors,  it   is   obvious   that   a   must  be 
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connected  by  a  spiral  connector  across  the  front  end  of  the 
drum  to  one  of  the  descending  conductors  such  as  No.  20, 
from  which  at  the  back  end  another  connector  must  join  it  to 
one  of  the  ascending  conductors,  such  as  No.  3,  where  it  is  led 
to  by  thus  making  one  right-handed  turn.  Now  examine 
Fig-  233,  p.  388,  and  Fig.  235,  p.  390..  The  latter  is  left- 
handed,  each  section  consisting  of  one  single  loop.  Note  in 
passing  that  if  the  back  connector  in  Fig.  206  from  No.  20  to 
No.  3  had  passed  under  the  shaft,  instead  of  over  it,  the  winding 
would  still  have  been  a  right-handed  winding. 

Spacing^  of  Conductors ;  Pitch  of  Winding, — The  next  point 
is  to  ascertain  over  how  many  conductors  these  spiral  connec- 
tors ought  to  pass.  We  connected  No:  i  (via  the  bar  cl)  to 
No.  20,  and  then  back  to  No.  3.  Is  there  any  reason  why 
No.  20  should  have  been  chosen  and  not  No.  21,  or  No.  19,  or 
No.  18  ?  To  understand  this  we  must  consider  the  question  of 
commutation  in  the  conductors  as  a  whole,  and  also  remember 
that  there  are  two  paths  through  the  windings  from  brush  to 
brush.  This  is  a  drum  with  40  conductors  in  one  layer  :  and 
there  will  be  20  bars  in  the  commutator.  Remember  that  the 
induced  electromotive-forces  will  be  directed  from  back  to 
front  in  the  conductors  rising  on  the  left,  and  from  front  to 
back  in  those  descending  on  the  right.  It  is  natural  to  think 
that  each  conductor  ought  to  be  joined  to  the  one  that  lies 
diametrically  opposite  to  it.  In  that  case  No.  i  should  be 
joined  to  No.  21,  No.  2  to  No.  22,  and  so  forth.  But  this  will 
not  do.  Each  conductor  on  one  side  needs  a  return  conductor 
on  the  other  side.  The  even  numbers  may  be  looked  upon  as 
the  returns  for  the  odd  numbers.  Hence  No.  i  ought  not  to 
be  joined  to  No.  21.  Shall  it  be  joined  to  No.  20  or  to  No.  22  ? 
or  shall  we  join  it  to  No.  18?  Nos.  20  and  22  lie  on  either 
side  of  the  one  that  is  diametrically  opposite,  and  electrically  it 
makes  no  difference  which  we  select  of  these  two.  If  we  are 
going  to  use  a  back  connector  which  returns  over  the  shaft  (as 
in  Fig.  206),  there  is  a  slight  saving  of  copper  if  we  select 
No.  20.  If  the  back  connector  returns  under  the  shaft,  either 
may  be  taken.  More  copper  will  be  saved  if  we  select  No.  18 
and  return  over  the  shaft,  as  the  spiral  connectors  will  be 
I.  2  A 
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shorter.  But  if  we  thus  connect  across  a  short  chord  of  the 
circumference,  instead  of  taking  the  chord  nearest  to  the 
diameter,  we  risk  getting  counter  electromotive-forces  in  the 
turns  that  are  in  series  from  brush  to  brush.  On  the  other 
hand,  as  Swinburne  has  shown,  connecting  across  a  short  chord 
has  the  advantage  that  the  armature  has  a  smaller  demagne- 
tizing action.  The  effect  of  winding  across  a  chord  subtending 
the  span  of  the  pole-piece  is  shown  by  Fig.  207,  in  which  it 

will  be  seen  the  belt  of  de- 
magnetizing conductors  be- 
tween the  pole  tips  is  now 
replaced  by  a  belt,  in  which 
the  currents  flow  in  two  op- 
posing directions,  thus  neutral- 


izing one  another.  In  no  case 
should  the  chord  subtend  a 
less  angle  than  that  subtended 

Fig.  207.-EFFECT  OF  by  the  polar  face.     The  rule 

Chord-Winding.  then    for     connecting     is    as 

follows  for  a  simple  2-pole 
drum  armature.  The  number  of  conductors  Z  being  an  even 
number,  the  front  connector  must  cross  from  any  conductor 
to  that  which  is  J  Z  ±  i  further  on  (or  J  Z  ±  3  for  shorten- 
ing the  chord) ;  and  the  back  connector  must  lead  back  to 
the  next  conductor  but  one. 

Winding  Tables, — Instructions  to  the  winders  how  to 
connect  the  conductors  of  an  armature  are  sometimes  given  in 
the  form  of  drawings,  sometimes  in  the  form  of  Winding  Tables. 
Winding  tables  are  also  useful  in  showing  how  the  arrangement 
of  any  particular  winding  works  out  as  to  re-entrancy,  etc.  In 
the  following  winding-table  the  letters  F  and  B  stand  iov  front 
and  backy  and  the  letters  U  and  D  stand  for  up  and  down, 
meaning  toward  the  front  end,  and  from  the  front  end 
respectively.  From  this  it  will  be  seen  that  starting  with 
conductor  No.  i,  we  follow  dow7i  it  to  the  back,  there  connect 
it  to  No.  22,  then  come  up  to  the /r^;//,  then  come  (connecting 
to  a  bar  of  the  commutator  in  passing)  to  No.  3,  go  down  this 
and  connect  across  the  back  to  No.  24,  and  so  on.     The  over- 
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lap  is  in  this  case  +  21  at  the  back  end,  and  —  19  at  the  front 
end.  At  last  we  come  to  No.  20,  up  which  we  return  to  the 
front  and  connect  to  No.  i,  taking  the  last  bar  of  the  commu- 
tator on  the  way. 

Simple  as  the  matter  may  seem, .  the  problem  how  to 
connect  across  the  end  of  the  drum  from  one  conductor  to 
that  which  is  next  but  one,  or  next  but  three,  to  the  diametri- 


FiG.  208. — Drum  Winding  with  Two 
Sets  of  Spiral  Connectors. 


Fig.  209.— Two-layer  Drum 
Winding. 


cally  opposite  conductor,  is  not  altogether  easy  when  the 
mechanical  and  electrical  difficulties  are  taken  into  account. 
To  shorten  the  length  of  the  long  spiral  connectors,  and  make 
the  end  connectors  more  symmetrical,  the  arrangements  indi- 
cated in  Fig.  208  is  now  often  used.  The  spirals  are  thus 
arranged  in  two  layers  one  over  the  other,  as  in  Fig.  307, 
p.  446,  with  the  effect  that  the  commutator  has  virtually  been 

2  A  2 
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turned  through  about  a  quadrant,  so  that  the  +  brush  will  be 
on  the  left  instead  of  at  the  top.  It  has  the  advantage  that  all 
the  spiral  connectors  at  either  end  may  be  made  of  same  size. 
If,  however,  the  conductors 
are  arranged  in  two  layers 
one  over  the  other,  the  wind- 
ings may  be  made  across  a 
diameter,  the  last  turn  being 
brought  across  to  the  next 
in  the  same  layer.  The  con- 
ductors of  the  outer  layer 
then  answer  instead  of  the 
intermediate  members  of  the 
one  layer  set.  In  Fig.  209 
the  end  of  No.  i  is  brought  to 
a,  thence  it  spirals  round  to 
No,  21,  which  is  connected 
across  the  back  to  No.  3,  and 
so  on.  Fig.  210  shows  how 
the  80  conductors  of  the 
wire-bound  Edison- Hopkinson 
armature  (see  p.  26)  are  con- 
nected, there  being  in  reality 
two  layers  of  40  each,  and  a 
40-part  commutator. 

Developed  Winding  Dia- 
grams.— There  is  a  great  ad- 
vantage in  adopting  a  mode 
of  representation  (originally 
suggested  by  Fritsche,  of 
Fig.  aio.-DR^M  Winding  of  Berlin)  in  which  the  armature 
Edison-Hofkinson  ,     ,.  ■  ..        J 

Dynamo.  wmdmg      IS      considered      as 

though   the    entire    structure 
had  been  developed  out  on  a  flat  surface. 

Consider  first  Fig.  211,  which  is  a  partial  sketch  of  a  four- 
pole  machine  laid  on  its  side.  The  core,  which  may  be  here- 
after wound  either  as  ring  or  as  drum,  lies  between  the  four 
poles  of  alternate  polarity.     If  a  copper   rod   a   is   placed 
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parallel  to  the  axis  to  represent  one  of  the  armature  con- 
ductors, and  is  supposed  to  move  along  the  gap-space  right- 
handedly  past  the  S  pole,  it  will  cut  the  magnetic  lines 
entering  that  pole.  By  the  rule 
given  on  p.  37,  the  induced  elec- 
tromotive-force in  it  will  be  up- 
wards. Another  conductors  pass- 
ing the  N  pole  will  have  induced 
it  in  a  downward  electromotive- 
force.  If  one  were  to  attempt  in  a 
picture  such  as  this  to  show 
twenty  or  more  conductors  and 
their  respective  connections,  the 
drawing  would  be  unintelligible. 
Accordingly  we  have  to  imagine  ourselves  placed  at  the 
centre,  and  the  panorama  of  the  four  poles  around  us  to  be 


1  Dkveloped  Flat. 


then  laid  out  flat,  as  in  Fig.  212.  It  will  be  noticed  that 
the  faces  of  the  N  and  S  poles  are  shaded  obliquely  for 
distinction.' 

'  I  choose  these  oblitjue  lines  for  the  following  leason.  If  initead  of  the  line 
a  b  (representing  a  coniluclor),  u  narrow  slit  in  a  piece  of  paper  were  laid  over  the 
■drawing  of  the  pole-face,  and  moved  as  the  doited  arrows  show  towards  the  tight, 
ihs  slit  in  passing  over  the  oblique  lines  will  cause  an  apparent  motion  in  the 
direction  in  which  the  current  tends  in  reality  to  flow.  It  is  easy  to  remember 
which  way  the  oblique  lines  must  slope  ;  for  those  on  a.  N  pole-face  slope  parallel 
to  the  obliauebar  of  the  letter  N. 
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Now  in  an  actual  machine  there  are  many  armature  con- 
ductors spaced  symmetrically  around,  and  these  have  to  be 
grouped  together  by  connecting  wire.  In  the  case  of  ring 
windings  the  wires  which  connect  the  active  conductors  in  the 
gap-space  pass  through  the  central  aperture  in  the  ring  when 
they  are  removed  from  the  magnetic  field.  Suppose,  for 
simplicity,  we  have  a  ring  armature  of  only  twelve  turns,  and 
12  bars  to  the  commutator.  If  this  is  opened  out  from  the 
inside  we  shall  have  the  form  shown  in  Fig,  213,  where  the 
dotted  lines  are  the  inactive  parts  of  the  spiral  winding  that 
pass  through  the  inside  of  the  ring.    By  tracing  the  arrows  it 


t 


Fir..  213. — Dkveloi'Mbnt  ok  Rini;-Winding  for  4-P0LB  Machine. 

will  be  seen  that  there  must  be  two  positive  and  two  negative 
brushes.  Fig.  214  gives  an  end-view  diagram  of  the  same 
winding,  by  which  the  two  modes  of  presentation  may  be 
compared.  It  is  clear  that  in  this  case  the  armature  might 
be  used  as  two  separate  machines  to  furnish  two  separate 
currents,  though  this  would  not  be  desirable.  It  is  usual  to 
couple  the  positive  brushes  tt^ethcr,  and  the  negative  brushes 
together.  A  6-pole  machine  would  require  six  brushes,  and 
so  forth.  The  reader  should  examine  what  is  Said  on  this  point 
on  pages  404  to  406.  When  the  brushes  of  the  same  sign  are 
thus  connected  together  the  eiectromotive-force  of  the  whole 
armature  is  simply  that  of  any  of  the  sets  of  coils  from  one 
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+  brush  to  the  adjacent  -  brush.  In  this  4-polc  machine 
the  coils  of  the  four  quadrants  are  in  four  parallels  ;  the 
internal  resistance  is  one-sixteenth  of  the  total  resistance  around 
the  entire  ring.  There  is,  as  we  shall  see,  another  mode  of 
connecting  the  coils  of  a  multipolar  ring,  in  which  the  four 
sets  of  coils,  instead  of  being  all  in  parallel,  are  grouped  in  two 
series,  so  as  to  give  two  paths  in  parallel  only.  This  mode  is 
sometimes  called  multipolar  series,  or  two-circuit  winding  ;  it 


would  be  more  appropriately  called  series-parallel  grouping.  It 
requires  only  two  sets  of  brushes  at  two  neutral  points  on  the 
commutator,  however  many  poles  there  are  around  the  ring. 

In  further  applying  the  method  of  development  to  those 
cases  in  which  the  winding  is  entirely  exterior  to  the  core,  as 
for  drum  armatures,  or  to  those  in  which  there  is  no  core  at 
all,  namely  for  disk  armatures,  we  find  that  there  are  two 
distinct   modes   of    procedure,   which   we    may   respectively 
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denote  ^  as  lap-winding  and  wave-winding.  The  distinction 
arises  in  the  following  manner.  Since  the  conductors  that 
are  passing  a  north  pole  generate  electromotive-forces  in  one 
direction,  and  those  that  are  passing  a  south  pole  generate 
electromotive-forces  in  the  opposite  direction,  it  is  clear  that  a 
conductor  in  one  of  these  groups  ought  to  be  connected  to  one 
in  nearly  a  corresponding  position  in  the  other  group,  so  that 
the  current  may  flow  down  one  and  up  the  other  in  agreement 
with  the  directions  of  the  electromotive-forces.  If  no\y  we 
examine   Fig.  215  we   shall   see   that   at   the   back   of    the 


Fig.  215.— Typical  Lap-WindinGc 

armature  (or  end  distant  from  the  commutator)  each  con- 
ductor is  united  to  one  five  places  further  on — No.  i  to  No.  6, 
No.  3  to  No.  8 — and  that  at  the  front  end  the  winding,  after 
having  made  one  "element"  (as  for  example  rf-7-12-^),  then 
forms  a  second  element  (^9-14-/),  which  laps  over  the  first ; 
and  so  on  all  the  way  round  until  the  winding  returns  on 
itself. 

*  The  wave-winding  is  Fritsche's  Welleft-wickelung ;  the  lap-winding  is  called 
by  Arnold  {op,  cit,)  Scheitel-wickelung.  Wave-windings  were  early  used  by 
Matthews,  Bollmann  and  Miiller  ;  and  by  Ferranti  and  Lord  Kelvin  for  alternate- 
current  generators. 
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Now  contrast  with  this  Fig.  216,  in  which,  though  the 
connexions  at  the  back  end  are  the  same,  those  at  the 
commutator  end  are  different.     It  will  be  seen  that  when  the 


Fig.  216.— Typical  Wave-Winding. 


winding  returns  back  toward  the  commutator,  instead  of 
lapping  back  toward  the  part  from  which  it  started,  it  is 
turned  the  other  way.     The  winding  rf-7-12  does  not  return 


Winding-Table  for  Fig.  215. 
(Lap-Winding.) 


Winding-Table  for  Fig.  216. 
(Wave-Winding.) 
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at  once  to  e^  but  goes  on  to  /,  whence  another  element 
/-1 7-4-^  goes  on  in  a  sort  of  zig-zag  wave.  These  are 
both  drum  windings,  the  corresponding  tables  being  as 
shown  on  the  preceding  page. 

It  will  be  noted  in  passing  that  whilst  with  this  particular 
number  of  conductors  (18)  the  lap-winding  results  in  four 
circuits  in  parallel,  and  needs  four  brushes,  the  wave-winding 


Fig.  217.— Lap-Winding  4-P0LE  Drlm. 

results  in  two  circuits  in  parallel,  and  requires  two  brushes 
only. 

Radial  Diagrams, — So  far  we  have  used,  beside  winding 
tables,  two  species  of  diagrams,  one  being  merely  a  sort  of 
end-view  of  the  armature,  the  other  the  developed  diagram. 
To  these  we  must  now  add  another,  the  radial  diagram, 
in  which  the  conductors  of  the  armature  are  represented  by 
short  radial  lines,  while  the  end-connectors  are  represented  by 
curves  or  zigzags,  those  at  one  end  of  the  armature  being 
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drawn  within,  those  at  the  other  end  being  drawn  without  the 
periphery.  With  such  diagrams  it  is  easier  to  follow  the 
circuits  and  to  distinguish  the  back  and  front  pitches  of 
the  winding.  The  arrows  show  the  direction  of  the  induced 
electromotive-forces.  In  Figs.  217  and  218  the  armatures  are 
supposed  to  be  rotating  in  a  4-pole  field. 


Fig.  218. — Wavk-Winding  4-polk  Drum. 


Fig.  217  is  a  diagram  of  a  lap-winding  and  Fig.  218  a  wave- 
winding.  It  will  be  seen  that  while  the  lap-winding  gives  four 
circuits  in  parallel,  the  wave-winding  gives  but  two  circuits. 
It  is  a  "  series-winding  "  and  gives  with  the  same  number  of 
conductors  double  the  electromotive-force  ;  but,  as  the  maxi- 
mum permissible  current  of  any  one  conductor  is  alike  for 
the  two  machines,  the  series-winding,  with  only  two  circuits 
instead  of  four,  will  only  yield  half  the  total  current  of  the 
parallel  winding. 
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Field-Step, — It  will  be  noted  that  whereas  inordinary  ring- 
windings  and  in  lap-windings  the  winding  at  the  completion 
of  each  element  comes  back  to  a  point  close  to  that  from 
which  it  started,  and  therefore  in  the  same  polar  region,  the 
wave-windings  all  step  forward  to  the  next  polar  region  of 
the  same  name.  There  is  no  abstract  reason  why  windings 
should  not  be  imagined  in  which  the  step  so  made  from  one 
element  of  the  winding  to  the  next  should  not  be  to  the  region 
of  a  still  more  distant  pole.  Let  m  denote  the  number  of 
such  complete  pole-pitches  over  which  the  step  is  made. 
Then,  in  general,  we  have  for  lap-windings  w  =  o  ;  for  wave- 
windings  ;«  =  I ;  and  for  ring-winding  m  =0  for  parallel 
grouping,  or  w  =  i  for  series  grouping.  The  cases  where 
m  >  I  are  not  practical. 

Groups  of  Conductors, — Suppose  an  armature  to  have  Z 
conductors  arranged  in  simple  "elements"  or  "sections" 
consisting  each  of  two  conductors  joined  together  as  a  loop, 
the  commutator  needed  would  have,  therefore,  K  segments  = 
J  Z.     It  is  easy  to  see  that,  using  the  same  commutator,  one 


•\ 


/ 


Fig.  219. 


Fig.  220. 


might  double  the  number  of  conductors  (and  double  the 
electromotive-force  of  the  machine)  by  substituting  for  each 
"element"  one  consisting  of  four  conductors  wound  as  a 
double  loop.  Generalizing,  we  may  say  that  if  each  "ele- 
ment "  consists  of  a  group  of  g  conductors,  if  the  number  of 
such  groups  or  elements  be  called  G,  then  Z=^G  =^K. 
In  the  case  of  ring-windings,  where  the  simplest  element  is  one 
turn,  g  may  be  any  whole  number,  odd  or  even.  For  lap  and 
wave-windings  g  must  be  an  even  number. 
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It  is  possible  to  go  further,  and  imagine  a  mixed  wave 
and  lap-winding.  For,  beginning  with  a  wave-winding,  each 
element  of  which  is  a  mere  open  loop  of  2  conductors  such  as 
shown  in  Fig.  219,  one  can  easily  see  that  for  it  one  might 
substitute  a  group  of,  say,  six  conductors  consisting  of  three 
laps.  Such  groups  are,  indeed,  frequently  employed  in  prac- 
tice, for  generating  high  voltages,  as  for  example  in  tram-car 
motors,  and  in  the  high- voltage  generator  of  Brown  (Fig.  479), 
since  this  arrangement  lends  itself  readily  to  the  winding  of 
coils  upon  formers  in  the  shop. 


Armature  Formula. 

Armature  windings  for  continuous-current  generators  and 
motors  may  be  classified  under  two  heads  : — 

1.  Parallel  Grouping. 

(a)  Lap-windings  (drum  or  barrel-winding). 
(d)  Ring-windings. 

2.  Series-Parallel  Grouping. 

{a)  Wave-windings  (drum  or  barrel-winding). 
{b)  Series  ring-windings. 

A  mixed  lap  and  wave-winding  is  sometimes  used  for 
grouping  former-wound  coils. 

For  a  machine  of  prescribed  speed  and  voltage  the  number 
of  armature  conductors  necessary  to  produce  the  given 
voltage  will  depend  not  only  on  the  number  of  poles  and  on 
the  magnetic  flux  per  pole,  but  on  the  grouping  adopted  for 
the  conductors.  The  formulae  connecting  these  quantities  are 
as  follows,  the  symbols  used  having  the  following  meanings  : 

E  =  the  prescribed  number  of  volts  to  be  generated. 
n  =  number  of  revolutions  per  second, 
p  =  the  number  of  poles. 

c  =  the  number  of  circuits  or  paths  that  are  in  parallel 
through  the  armature  from  brush  to  brush. 
Ctf  =  the  whole  current  carried  by  the  armature.  . 
Z  =s  the  whole  number  of  conductors  carried  in  the  slots 
of  the  armature. 
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V     K  =  the  number  of  segments  in  the  commutator. 

N  =  the  magnetic  flux  per  pole,  meaning  the  total  number 
of  magnetic  lines  that  reach  the  armature  from 
one  pole. 

The  current  in  any  one  conductor  will  obviously  be  equal 

to  Ca  -r  c. 

The  general  formula  then  is 

E  =  «  X  Z  X  N  x^-r  io«    .      .      .     (I) 

c 

whence  Z  =      ^  ^  ^  ^,  x  lo'       .      .      .      .     (2) 

;/  X/  X  N 

In  ordinary  parallel  groupings  (lap-wound  drum-armatures, 
and  ring-armatures)  r  =/,  so  that  for  these  the  formula  (2)  is 

simplified  down  to 

K  X  10^ 
Z  =    '     i,  ....     (20) 

n  N 
Examples. — (i)  In   a    parallel-wound    armature    of   a    12-pole 
tramway    generator    of    the   English    Electric    Manufacturing   Co. 
(MP  12 — HOC — 100);    E=  550;    «=  I -666;    N  =  25,647,000; 
/=  12  \  c  —  12;  hence  by  formula  (2)  or  {2a)  Z  =  1248. 

(2)  In  the  series-parallel  armature  of  the  lo-pole  tramway  gene- 
rator of  Kolben  and  Co.,  p.  671  (MP  10 — 250 — 125);  E  =  550; 
/I  =  2  •  083 ;  N  =  12,1 10,000 ;  /  =  10  j  ^  =  4  j  hence  by  formula  (2) 
2  =  874. 

(3)  In  the  series-parallel  armature  of  the  12-pole  tramway  gene- 
rator of  the  Oerlikon  Co.,  p.  654  (M  P  12 — 500—100)  ;  E  =  550  ; 
«=i'666;  2=1326;  /=i2;  r=6;  hence  by  formula  (i) 
N  =  12,445,000. 

Winding  FoRMULiE. 

Terms  used  in  t/ie  Theory. — It  is  essential  to  understand 
the  terms  and  the  sense  in  which  they  are  used. 

Any  winding  is  said  to  be  re-entrant  which  returns  on 
itself  so  as  to  form  a  closed  coil.  An  armature-winding  is 
said  to  be  singly  re-entrant  if  it  re-enters  itself  after  simply 
passing  in  regular  order  through  all  the  coils  arranged  around 
the  armature  core.  Thus  an  ordinary  Gramme  ring,  or  a 
simple  lap-wound  drum-armature  (Fig.  217),  is  singly  re- 
entrant. There  may,  if  used  in  a  multipolar  field,  with 
several  sets  of  brushes  at  the  commutator,  be  various  paths 
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through  it ;  but  so  far  as  re-entrancy  is  concerned  it  is  singly 
re-entrant.    The  symbol  for  a  singly  re-entrant  winding  is  O. 

An  armature  tnay  be  wound  with  two  independent  circuits 
each  of  which  is  singly  re-entrant.  Fig.  221  shows  a  ring- 
armature  wound  thus.  These  two  windings  might  have  been 
furnished  with  two  independent  commutators,  one  at  each  end. 
But  instead,  the  number  of  commutator  segments  is  doubled, 
the  two  sets  of  bars  being  alternated  or  imbricated  between 
one  another.  The  brushes  must  be  made  broad  enough  to 
overlap  at  least  2j  bars  of  the  commutator,  so  as  to  collect 
from  both  windings  simultaneously.  In  a  two-pole  field,  with 
two  sets  of  broad  brushes,  this  armature  would  give  four  path's 
in  parallel  from  brush  to  brush.  Such  a  winding  is  described 
as  duplex,  with  symbol  O  O.  The  odd  numbers  form  one 
winding,  the  even  numbers  another.  Three  independent 
windings  with  three  sets  of  commutator  bars  similarly  imbri- 
cated would  be  called  a  triplex  winding,  for  which  the  symbol 
is  O  O  O. 

An  armature  is  said  to  be  doubly  re-entrant  if  its  winding 
only  re-enters  on  itself  after  having  made  two  passages  around 
the  coils  of  the  armature.  This  term  is  best  elucidated  by 
the  example  of  Fig.  222.  This  consists  of  a  ring-winding  in 
17  groups.  They  are  joined  together  in  a  way  precisely 
akin  to  the  duplex  winding  just  described ;  each  coil  being 
joined  to  the  next  but  one,  but  not  to  the  one  immediately 
next  to  it  But  as  the  total  number  of  sections  is  uneven,  the 
coils  do  not  form  two  separate  windings.  If  we  begin  with 
the  coil  numbered  i,  we  see  it  is  joined  to  3,  5,  7,  9,  etc. 
until  we  come  to  number  17,  by  which  time  it  has  com- 
pleted one  round  of  the  periphery,  but  is  not  yet  re-entrant, 
for  now  it  goes  on  to  the  coils  2,  4,  6,  etc.,  to  coil  16,  from 
which  it  finally  re-enters  the  starting  point.     The  symbol  for 

such  a  doubly  re-entrant  winding  is  (^  .  This  winding  will 
also  require  broad  brushes  that  bridge  over  more  than  two  sec- 
tions of  the  commutator  at  one  time.  Like  the  duplex  winding 
of  Fig.  22 1,  it  doubles  the  number  of  paths  from  brush  to  brush. 
In  fact,  it  is  electrically  the  equivalent  of  a  duplex  v/inding 
save  for  the  fact  that  it  requires  an  odd  number  of  coils.     In 


Fig.  221. — Duplex  Winding,  consisting  of  Two 
Singly  Re-entrant  Ring  Windings. 


Fig.  222. —Doubly  Re-entrant  Ring  Winding. 
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armatures  of  many  turns  this  difference  is  quite  immateriaL 
For  example,  an  armature  with  200  coils  as  a  duplex  singly 
re-entrant  winding,  and  a  simplex  doubly  re-entrant  armature 
with  201  coils,  if  revolved  at  the  same  speed  in  the  same  field 
would  only  differ  by  ^  of  i  per  cent,  in  their  electromotive-force^ 
Lap-windings  may  also  be  made  doubly  re-entrant,  see  Fig.  225, 
p.  379.  A  trebly  re-entrant  y/ind'mg  might  be  made  by  choosing 
the  number  of  sections  so  as  to  become  re-entrant  only  after 
a  travel  completing  three  rounds  of  the  periphery.  For  ex- 
ample, a  20-coil  ring-winding  joined  according  to  the  following 
scheme  :  i — 4 — 7 — 10 — 13 — 16 — 19 — 2 — 5 — 8 — 11 — 14 — 17 
— ^20 — 3 — 6 — 9 — 12 — 15 — 18 — I.  The  symbol  for  treble  re- 
entrancy  is  (^^  •  It  is  the  electrical  equivalent  of  a  triplex- 
winding  made  of  three  simplex  singly  re-entrant  windings 
0  0  0;  and  like  the  triplex- winding  will  require  brushes  broad 
enough  to  cover  3^^  adjacent  commutator  bars  at  least 

Armature  windings  are  also  described  in  terms  of  the 
number  of  paths  which  they  afford  for  the  current  to  follow 
from  the  negative  brushes  through  the  windings  to  the  positive 
brushes.  This  number,  in  closed  coil  armatures  (which  are 
the  only  ones  here  dealt  with)  is  always  even.  In  simplex 
parallel-wound  armatures  (whether  ring  or  drum)  the  number 
of  such  paths  or  circuits  is  always  equal  to  the  number  of 
poles:  in  duplex  parallel-wound  armatures  to  twice  the 
number,  and  so  forth.  In  simplex  series-wound  armatures 
the  number  of  such  paths  is  always  two :  in  duplex  series- 
wound  armatures,  four,  irrespective  of  the  number  of  poles. 
It  is  common  to  refer  to  windings  by  the  number  of  circuits 
they  present :  thus,  one  speaks  of  a  ten-circuit  winding, 
meaning  one  in  which  there  are  ten  paths  through  the  winding^ 
from  —  to  -h.  The  current  in  one  circuit  will  be  equal  to 
the  whole  armature  current  divided  by  the  number  of  circuits. 
There  are  also  methods  of  winding  due  to  Arnold,  which 
result  in  a  series-parallel  arrangemcjit.  Thus  it  is  possible  to 
have  a  6-pole  machine,  with  4  paths  through  the  armature. 
This  might  be  carried  out  as  a  doubly  re-entrant  wave- 
winding.    (See  p.  380.) 

The   next  term  which  requires  definition  is  the  pitch  or 
I.  2  B 
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spacing  of  the  winding.     This  term  denotes  the  distance  from 
one  element  of  the  winding  to  the  next  similar  element  in  the 
succession  ;  and  it  is  usual  to  express  \}\^  pitch  of  the  winding 
in  terms  of  the  number  of  conductors  spanned  over,  or  less 
usually  in  terms  of  the  number  of  elements  of  winding  (loops, 
or  groups  of  conductors)  passed  over,  or  sometimes  in  terms 
of  the  number  of  slots  passed  over.     It  is  not  usual  to  express 
the  pitch,  either  in  actual  peripheral  length,  or  in  terms  of 
angle  subtended,  or  in  terms  of  the  pole-pitch.    Suppose  all 
the  conductors  to  be  numbered  consecutively  around  the 
periphery  of  an  armature,  and  that  No.  i  is  joined  at  the  front 
end  to  No.  i6,  thus  forming  a  loop,  and  that  No.  i6  is  joined 
at  the  back  end  to  No.  31,  then  the  pitch  at  both  ends  is  15. 
In  wave-winding  the  pitch  at  both  ends  is  positive,  that  is  to 
say  the  winding  goes  continually  forward.    In  lap-winding  the 
pitch  at  the  two  ends  is  different.     Thus,  if  at  the  front  end 
No.  I  is  joined  to  No.  18,  and  if  at  the  back  of  No.  18  the  end 
connexion  laps  back  to  No.  3,  the  front  pitch  is  +  17,  while 
the  back  pitch  is  -  1 5.     In  that  case  the  resultant  pitch  is  2, 
and  the  average  pitch  is  16.   We  shall  use  the  symbols  y^  and 
y<i  for  the  front  and  back  pitches  respectively,^  for  the  total  pitch 
and  J^  for  the  average  pitch.  Since  it  is  obvious  that  the  simplest 
element,  whether  of  lap  or  wave-winding,  is  a  loop  of  two  con- 
ductors united  tc^ether,  and  since  in  every  such  loop  one  of  the 
two  conductors  ought  to  be  passing  a  south  pole  at  the  time 
when  the  other  is  passing  a  north  pole,  it  follows-  that  the  width 
across  the  loop  ought  to  be  approximately  equal  to  the  pole- 
pitch.      In  fact  the  average  winding-pitch  must  be  in  lap- 
windings  a  little  less,  and  in  wave-windings  a  little  less  or  a 
little  greater,  than  the  pole-pitch.     In  lap-windings  the  larger 
of  the  two  pitches  may  equal  the  pole-pitch,  ought  not  to 
exceed  it,  but  may  be  less,  in  which  case  it  is  known  ^sfractional 
pitch ;    while  the   smaller  of  the  two  pitches  should  not  be 
less  than  the  width  of  the  pole-face. 

Condition  of  Re-entrancy. — The  condition  that  a  winding 
shall  return  after  a  finite  number  of  symmetrically  spaced  steps 
to  the  conductor  from  which  it  starts  may  be  stated  thus : — 
The  resultant  step  from  element  to  element,  multiplied  by  the 
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number  of  conductors  per  element,  and  by  the  number  of  such 
resultant  steps,  must  equal  the  whole  number  of  conductors 
multiplied  by  some  whole  number.  For  example,  let  a  lap- 
winding  consist  of  80  simple  loops,  having  a  resultant  pitch 
=  2.  This  will  be  re-entrant  if  the  whole  number  of  such 
conductors  is  160.  In  the  case  of  wave-windingSy  where  the 
loops  go  zig-zagging  around  the  periphery,  the  number  oi 
•elements  per  round,  multiplied  by  the  number  of  rounds,  and 
by  the  number  of  conductors  per  element,  will  obviously  give 
the  whole  number  of  conductors  so  united.  Now  the  pitch 
must  be  such  as  to  be  approximately  equal  to  the  pole-pitch 
but  not  exactly,  otherwise  the  winding  would  become  re- 
entrant at  the  first  round.  Or  conversely,  the  whole  number 
of  conductors  must  be  such  that  with  a  winding-pitch  approxi- 
mately equal  to  the  pole-pitch,  the  winding  shall  become  re- 
-entrant only  after  a  number  of  rounds.  Thus,  for  example, 
in  an  8-pole  machine,  with  single  winding  pitch  25,  the  total 
(number  of  conductors  must  ftot  be  25  x  8  =  200,  otherwise 
the  winding  would  re-enter  after  the  first  round  of  4  loops. 
It  might  be  either  198  or  202,  for  then  round  after  round 
would  be  completed  before  re-entrancy  was  finally  attained. 
This  example  illustrates  so  well  the  essential  principle  of  a 
simplex  wave-winding  that  it  may  be  further  considered. 
Suppose  we  construct  a  winding  table  for  this  winding, 
using  202  =  Z.  Take  the  even  numbers  of  the  conductors 
as  going  down  from  front  to  back ;  the^prfrnuaibers  being 
the  return  conductors  leading  up  from  •  back  to  front. 
Starting  with  No.  i  the  connexions  run  as  follows  :  i — 26 — 
51 — 76 — loi — 126 — 151 — 176 — 201,  the  eighth  step  thus  com- 
pleting the  first  round,  and  failing  to  re-enter  by  2  places. 
The  second  round  of  eight  steps  similarly  goes  from  201  to 
199,  the  third  to  197,  and  so  forth.  The  winding  thus  recedes 
n  places  at  each  round.  By  the  end  of  the  twenty-fifth 
round  200  steps  will  have  been  taken,  and  the  winding  will 
have  slipped  back  50  conductors  from  No.  i,  and  the  200th 
step  will  therefore  end  on  No.  153.  There  remain  two  steps 
to  be  taken,  viz.  from  153  to  178,  and  from  178  to  No.  i,  thus 
finally  completing  the  re-entrancy.     Fig.  223  illustrates   the 

2  B  2 


372 


Dynamo- Electric  Machinery. 


Winding  Table  for  8-Pole  Drum  Armature;  202  Conductors;  Two- 
Circuit,  Series-Parallel  Grouping  ;  Brushes  (±)  135®  apart. 


F 

B 

1 
F      ] 

1      1 

B   ,   F      B 

1 

F 

B      F 

I 

) 

1 

U 

1 

1 

.   D 

1 

76 

1 

lOI 

u 
126 

1 

D 

U 
176 

I 

26 

SI 

151 

201     24 

49 

1   74 

99 

124 

149 

174 

199 

22 

47 

72 

97 

122 

147 

172 

197 

20 

45 

70 

;   95 

120 

145 

170 

195 

18 

43 

68 

93 

118 

143 

168 

193 

16 

41 

66 

91 

116 

141 

166 

191 

14 

39 

64 

89 

114 

139 

164 

189 

12 

37 

62 

87 

112 

m 

162 

.187 

10 

35 

60 

85 

IIO 

135 

160 

185 

8 

33 

58 

83 

108 

133 

158 

183 

6 

31 

56 

81 

106 

131 

156 

181 

4 

29 

54 

79 

104 

129 

154 

179 

2 

27 

52 

77 

102 

127 

152 

177 

202 

25 

50 

75 

100 

125 

150 

175 

200 

23 

48 

73 

98 

123 

148 

173 

198 

21 

46 

71 

96 

121 

146 

171 

196     19 

44 

69 

94 

119 

144 

169 

194     17 

42 

67 

92 

"7 

142 

167 

192     15 

40 

65 

90 

"5 

140 

165 

190     13 

38 

63 

88 

"3 

138 

163 

188     II 

36 

61 

86 

III 

136 

161 

186 

9 

34 

59   i 

«4   1 

109 

134 

159     184 

7 

32 

57  ; 

82 

107 

132 

157     182 

5 

30 

55 

80 

105 

130 

155   1  180 

3 

28 

53   I 

78 

103 

128 

153   1  ^78 

» 

1 
1 

1 
1 

first  two  rounds  of  this  winding.  It  is  assumed,  but  not  shown, 
that  the  winding  is  in  two  layers  ;  the  conductors  in  the  upper 
layer  being  those  with  odd  numbers,  those  in  the  under  layer 
with  the  even  numbering.  On  examining  this  table  it  will 
be  seen  that  the  conductor  which  is    half-way  through  the 
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winding  from  No.  i,  is  No.  102.  These  are  not  at  opposite 
ends  of  a  diameter,  but  are  f  of  a  circumference  apart.  As  a 
matter  of  fact  the  brushes — two  sets  of  which  only  are  essen- 
tial, as  there  are  only  two  circuits  through  the  winding — may 
be  either  |^,  f  or  f  of  a  circumference  apart.  In  one  sense  this 
winding'has  a  2  5 -fold  re-entrancy,  seeing  that  at  every  8  steps 


i99 


109 


Fig.  223.— Wave-Winding  :  8-Pole,  2-Circuit,  Singly  Re-entrant. 


the  periphery  is  perambulated.  But,  strictly,  the  v/inding  is 
only  singly  re-entrant.  Had  there  been  204  conductors,  or 
196  conductors,  so  that  at  each  round  of  eight  steps  the 
winding  receded  or  advanced  by  four  places  (instead  of  two 
places),  the  result  would  have  been  different,  giving  a  wind- 
ing with  four  paths  instead  of  two.  The  number  of  paths 
through  the  armature  corresponds  to  the  number  2, 4,  or  6,  etc., 
by  which  the  first  round  fails  of  re-entrancy.     In  the  case 


1 


374  Dynamo-Electric  Machinery. 

illustrated  by  the  winding  table  we  see  that  the  principle  of 
re-entrancy  enunciated  at  the  beginning  of  this  paragraph  is 
fulfilled,  for  the  resultant  step  of  30  multiplied  by  the  number 
(which  is  2)  of  conductors  per  element,  multiplied  by  the 
number  of  resultant  steps,  namely  (25x4)  +  !,  makes  6060, 
which  is  an  integral  multiple  of  the  whole  number  of  con- 
ductors, 202. 

Condition  of  each  Conductor  being  encountered  once. — It  is 
not  enough  that  the  winding  should  be  re-entrant  It  should 
(in  a  simply  re-entrant  winding)  be  such  that  ^//the  conductors 
should  be  encountered,  and  that  each  should  be  encountered 
once  only. 

Case  L  Lap-  Windings. — Let  j/i  be  the  forward  pitch  and 
y^  the  backward  pitch,  its  actual  value  being  negative.  Then 
y\  +  y^  >s  the  resultant  step.  If  we  confine  ourselves  to  the 
practical  case  that  each  element  or  section  of  the  winding  is  a 
simple  loop,  the  number  s  of  such  sections  will  be  equal  to 

- ;   and   the  number  of  sections  (which  is  the  same  as  the 

number  of  resultant  steps  if  multiplied  by  the  length  of  each 
resultant  step)  will  equal  the  total  travel  of  the  winding. 
This  will  be  equal  to  Z  if  the  winding  is  singly  re-entrant. 
But  if  the  lap  has  been  such  (for  example  if^'i  is  25  andj/2  is- 
—  21,  then  ^1  +  J'a  =  4)  that  re-entrancy  is  not  effected  without 
travelling  more  than  once  round  the  periphery,  then  the  total 
travel  will  be  equal  to  U  Z,  where  U  is  the  number  of  times 
the  periphery  has  been  travelled  round.  This  gives  us  as  the 
first  condition  that 


whence 


2 


Now  U  may  be  1,2,  or  any  whole  number ;  hence  it  follows 
that^i  +7a  must  in  every  case  be  an  even  number.  Further, 
the  condition  that  no  conductor  shall  be  encountered  twice  is 
that  for  no  number  of  steps  whatever  shall  y^^  +  ^a,  however 


Theory  of  Armature   Winding.  375 

often  repeated,  be  equal  to  y^.     Or  taking  m  as  "any  whole 
number 

whence 

.y^^-"^.    ...  (2) 

It  follows  from  this  inequality  that  y^  and  y^  cannot  possibly 
have  any  common  factor^  and  as  their  difference  must  be  even, 
it  follows  that  both  of  tkem  must  be  odd  numbers ;  and  to  make 
the  winding  lap  back  one  of  them  must  be  a  negative  number. 
For  example,  if  y^  =  29  and  ^a  =  —  27,  then  y\+  y%  =  2. 

Case  IL     Wave-Windings. — The  resultant  step    for  an 

Z 

element  being  ^1  +^2,  and  the  number  of  such  steps  being  - 

and  the  total  travel  being  U  times  round  the  periphery,  we 
have 

5  (>'!  +  .y.)  =  U  Z  ; 

whence  also   * 

^'-+^«  =  U.  .         .        (3) 

In  the  case  of  the  winding  table  given  above  where  ^i  and 
^2  are  each  25,  the  total  travel  is  25  times  round  the  periphery. 
Now,  in  order  that  no  conductor  be  encountered  twice  it  is 
clear  that  not  by  any  number  of  repetitions  of  the  step  j'l  +  j* 
shall  it  be  possible  to  recur  to  the  step^^i  beyond  any  previous 
number  of  the  repetitions  of  the  step^^i  +-^2-  Or,  \l  m  and  // 
are  any  whole  numbers  it  is  clear  that  m  times  y^  +  y^  must 
not  equal  n  times  j/i  +  y^  steps  plus^^j.     Or  in  symbols 

.       ««  (^1  +  ^2)  ^  «  (^'i  +  ^2)  +  J'l    .         •     (4) 

It  follows  that  in  this  case  also  y^  and  y%  cannot  have  any 
common  factor  \  and  as  U  may  be  any  number,  odd  or  even,  it 
follows  from  (3)  that  as  their  sum  must  be  even,  both  of  them 
.may  be  odd.  They  may  be,  however,  equal  to  one  another 
and  this  is  the  common  case. 

General  Formulce, — We  are  now  ready  to  state  the  general 
formulae  for  windings.  These  may  be  put  either  (i)  in  terms 
of  the  number  of  segments  K  of  the  commutator,  and  of  the 
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pitch  of  the  winding  y^  in  terms  of  the  number  of  commutator 
segments  over  which  the  element  of  the  winding  spans,  or  (2) 
in  terms  of  the  number  of  conductors  Z  and  of  the  pitches  ^1 
and  y%  as  defined  above. 

These  general  formulae  are  as  follows : — 

If  y  stands  for  the  complete  step,  not  from  conductor 
to  conductor,  but  from  the  first  conductor  of  any  group  to  the 
first  conductor  of  the  next  group,  m  for  the  field  step,  and  G 
for  the  total  number  of  groups  in  the  winding,  we  shall  have 

\py  ±  c  ^  mgOi  ^  niL      .  .         (i) 

when 

2^^py±jc         ...        (2) 

and 

y^         --         .  .         •         (3) 

P 

which  are  the  general  formulae  for  symmetrical  windings. 
For  lap-windings  w  =  o,  whence  it  follows  that 

J'  =  +  ^- ;    .      .       •       •       (4) 

P 

y  being  dissected  into  2  parts  y^  and  y^  of  which  j^j  is  negative, 
each  of  which  is  either  equal  to  or  slightly  less  than  Z/^,  and 
which  differ  from  one  another  by  2c  -^/. 

In  lap- windings  the  step  of  the  winding  at  the  commutator 
is  related  to  winding  pitch  by  the  simple  rule : — 

yk^y-irg.     .         .  *         (S) 

Thus  in  a  simple  lap-winding,  where  j^  =  2,  and -where  each 
element  of  the  winding  is  a  simple  loop  made  of  two  conductors 
so  that  ^  =  2,  we  have ^^  =  i. 

For  wave-windings  w  =  i,  so  that  the  complete  step 
becomes 

2Z     X      2c  j,y. 

J'  =      ^-  ;      .       .       •       (^) 
P 
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and  if  this  is  made  up  of  two  equal  back  and  front  pitches  y 
and  y^  of  equal  value,  we  shall  have 

« 

^1  =  72  =  — ^-    •         •         •         (7) 

Lap-Windings. 

(/.)  Simplex  Singly  Re-entrant  (Parallel)  Lap-  Winding, 

c  ^ p\  »f  s=  o ;  and,  if  ^  =  2  ;  Z  =  2G  =  2K, 

y^  ±2; 

J'l  <  -  and  must  be  odd\ 

P 

-y-L  =^1  ±  2 
J'*  =1. 

(iV.)  Duplex  or  Multiplex  (Parallel)  Lap-  Winding,  consisting 
of  X  independent  windings,  each  of  which  is  a  simplex  singly 
re-entrant  lap-winding. 


c 

=  px; 

m 

=0  ;  and  if  ^  =  2, 
y=  ±2x; 

Z  =  2G  = 

2K. 

Z 

and  must  be  odd ; 

yi^yi-2x; 

yk=  ±  X. 

(Hi.)  5m/^jr  (Series-Parallel)  Doubly  or  Multiply  Re-entrant 
Lap-  Winding.  (See  remark  on  p.  367  as  to  meaning  of  term), 
r  =s  4,  6,  or  other  even  number  greater  than  2  ;  w  =  o  ;  and,  if 


^  = 

2,  Z: 

■ 

=  2G=: 

2K. 

7  = 

±c; 

y\< 

Z 
> 

and  must  be  odd ; 

y*  = 

^»-<^; 

/>  = 

±\c. 
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(iv.)  Duplex  or  Multiplex  (Series-Parallel)  Doubly  or  Multi- 
ply Re-entrant  Lap-  Windings  consisting  ofx  independent  wind- 
ings, each  of  which  is  a  simplex  doubly  or  multiply  re-entrant 
lap-winding.  Here  x  ^  2, 3, 4  or  any  whole  number ;  Ci  =  the 
number  of  circuits  through  any  one  of  the  independent  series- 
parallel  windings  (may  be  4,  6,  or  other  even  number  higher 
than  2) ;  ;«  =  o  ;  and  if  ^  =  2,  Z=2G  =  2K. 

y=  ±xci; 

—  Z 
ji  <  -  and  must  be  odd ; 

yk  =  ±  ixci. 

Figs.  224  and  225  afford  examples  of  case  (/V.)  and  case  (m.) 
above.  Fig.  224  is  a  duplex  lap-winding  in  which  /  =  4, 
Z  =  32,  ji  =  -1-9  and72  =  ""S-  There  are  two  independent 
circuits  exactly  as  in  the  duplex  ring-winding,  Fig.  221,  p.  368, 
Symbol  O  O.  Fig.  225  corresponds  to  the  doubly  re-entrant 
ring-winding,  Fig.  222,  p.  368.     In  it/  =  4,  Z  =  34,>'i  =  +9 

and  ^2  =  —  5-      Symbol    (q)   .     In  both  cases  ^  =  8. 

Wave-Windings. 

(/.)  Simplex  Singly  Re-entrant  (Series)  Wave-  Winding, 

c  =  2  ;  m  =  1  ;  and  if  ^  =  2,  Z  =  2  G  =  2  K. 

y  is  the  average  of  yi  and  y^. 

Z^py±2; 

_       _  Z  T  2  and  must  be  oddy  and  must  not  have 

yi  —  y2  "       —  3j^y  common  factor  with  Z. 

2KT  2 

(ii.)  Duplex  or  Multiplex  (Series)  Wave-  Winding,  consist- 
ing of  ;i:  independent  singly  re-entrant  simplex  wave-windings. 


Fic.  aas. — Simplex  Douelv  Re-entrant  Lap-Windinq. 
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AT  =  2,  3,  4,  or  any  whole  number ;  the  number  of  circuits  c^y 
in  any  one  of  the  simplex  windings  =  2  ;  w  =  i ;  and  if  ^  =  2 
then  Z  =  2  G  =  2  K.     Number  of  circuits  in  parallel  =  c^  x. 

Z^xps±2x\ 

_       _ZT2;r,    in  those  cases  where  y  is 
xp      '       even,  y^  may  =  ^  +  i 

andj'a  =/  —  !• 

2  K  ^F  2jr 


yu  = 


xp 


(tit.)  Simplex  Doubly  or  Multiply  Re-entrant  (series-parallel) 
Wave- Windings  also  called -/4r;/^^j  Winding. 

^r  =s  4,  6,  or  other  even  number  higher  than  2  \  m  ^  \\  and,  if 
^=2,  Z  =5  2G=  2K. 

Z^py±c\ 
ZTc 

yk  =  ^  -^  .    . 


(m)  Duplex  or  Multiplex  Doubly  or  Multiply  Re-entrant 
(Series-Parallel)  Wave-  Winding,  consisting  of  x  independent 
wave-windings  each  of  which  is  doubly  or  multiply  re-entrant. 

Ci  =  2, 4,6,  or  other  even  number  ;  number  of  circuits  in  parallel 
=  ^1  jr ;  w  =  I ;  if  ^  =  2,  then  Z  =  2  G  =  2  K. 

Z  =  xpy  ±cix; 

ZTciX, 

xp 

2K^:cix 
-^*  =         xp       ' 
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Ring-Windings. 

(£)  Parallel  Grouping  (Simplex). 

c  ^  p\  m  =s  o;  and  if  each  element  is  of  one  turn  only 
^  =  I,  whence  Z  =  G  =  K ;  the  only  possible  values 
of  the  pitch  are — 

^>fe  =  ±  I. 

(«.)  Series  Grouping  (Singly  Re-entrant). 

^  sr  2 ;  ^  =  I  ;  and  if  ^  =  i,  Z  =  G  =  K. 

y  =  —  - ,      and  must  be  odd. 

P 

It,  as  in  some  high-voltage  machines,  each  of  the  windings 
consists  of  ^  turns,  then  Z  =  ^G  =  ^K,  and 

yk^ — ^  ' 

(m.)  Series-Parallel  Grouping  (Doubly  or  Multiply  Re- 
entrant Simplex  Ring- Winding,) 

r  =  4,  6,  8  or  other  even  number  higher  than  2  ;  /;/  =  i. 

y  _py  ±c  ^ 

^      p    ' 

2KT^ 

(iv.)  Duplex  or  Multiplex  Parallel  Grouping, 

If  there  are  to  be  n  independent  circuits  in  the 
winding,  then  the  number  of  circuits  in  parallel  will  be 
np  =  c. 


*> 
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Assuming  ^  =  i,  we  have 


y  = 

yh 


=  ±  »  1      or  \{ g  is  not  =  I, 


(z/.)  Duplex  or  Multiplex  Series  Groupings  consisting  of  n 
independent  windings,  each  of  which  is  a  simplex  singly 
re-entrant  series  winding.  The  number  of  circuits  in  parallel 
will  be  =  2  « ;  ^  =  i ;  and  if  ^  =  I, 

rj  _  iipy  ±  2n . 

2  Z  q:  2  ;/ 
^  up        ' 

2  K  T  2  « 


(vi.)  Duplex  or  Multiplex  Series-Parallel  Grouping, — Here 
;/  =  the  number  of  independent  windings  (2,  3, 4,  or  any  whole 
number) ;  c^  =  the  number  of  circuits  through  any  one  of  the 
independent  windings  (may  be  4,  6,  8,  or  any  even  number 
higher  than  2) ;  the  number  of  circuits  in  parallel  through  the 
armature  will  be  =  ^1  /^ ;  ^//  =  i  ;  and  if  ^  =  i,  then  : 

7  «  ^^py  ±  2^i«. 

L ^  , 

2  Z  ^  2  ^1 « 

^  up 

2  K  T  2  ^1  « 

np 

The  circumstance  that  if  in  a  wave-winding  J?  and  Z  have 
any  common  factor  there  will  be  a  corresponding  number  of 
independent  windings,  leads  to  some  curious  results.  Further, 
the  circumstance  that  if  in  any  wave-winding  the  number  of 
circuits  is  made  equal  to  the  number  of  poles,  leads  to  the 
result  that  in  this  case  the  wave-winding  becomes  identical  to 
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a  simple  lap-winding  or  ring-winding.  In  the  case  of  bipolar 
machines  wave-  and  lap-windings  are  identical,  the  only 
difference  being  the  question  whether  y^  ==  y^  or  not  A  series 
grouping  cannot  be  effected  by  a  lap-winding:  it  may  be 
effected  by  a  wave-winding  or  by  a  mixture  of  wave  and  lap- 
winding.  In  the  case  of  4- pole,  8-pole  and  12-pole  machines, 
a  simplex  series  winding  cannot  be  made  with  4  conductors 
per  segment  of  the  commutator.  Nor,  in  the  case  of  6-pole 
and  12-pole  machines,  can  a  simplex  series  winding  be  made 
with  6  conductors  per  segment.  In  general,  for  a  machine 
with  p  poles  or  2  /  or  3  /  poles,  it  is  impossible  to  make  a  two- 
circuit  winding  having  /  conductors  per  segment  of  the 
commutator.  Or,  stated  another  way,  to  make  a  two-circuit 
wave-winding,  the  number  of  conductors  must  not  be  a 
multiple  of  the  number  of  poles. 

The  number  of  circuits  made  by  any  winding  can  be 
calculated  by  the  following  formulae,  derived  from  those 
previously  given. 

Lap-  Windings. 

c=ipy.       ...  (a) 

Wave-  Windings, 

^  =  Z-/^i  .  (^) 

if  ^x  =^2«     If  not,  then  take  instead  ofyi  the  average  pitch. 
Ring'  Windings  {parallel). 

c^py.  .  .  .         (7) 

Examples  i—ij.)  /  =  6  ;  Z  =  374 ;  K  =  187  ;  _Vi  =  47,  y%  = 
—  45 ;  r  =  6.     Here  ^  =  2,  the  winding  being  a  simple  lap-winding. 

(«.)  /  =r  6 ;  Z  =  434 ;  ^i  =  73,  .^2  =  71.  This  is  a  wave- 
winding  with  average  pitch  of  72.  Hence  by  formula  ()8),  there 
will  be  two  circuits  only,  the  winding  being  singly  re-entrant. 
Symbol  O. 

(«V.)  /  =  6  ;  Z  =  442 ;  ^1=71;  ^2  =  —  67.  This  is  a  lap- 
winding,  with  >'  =  J'l  +  J2  =  71  —  67  =  4.  Hence  by  formula  (a) 
there  will  be  1 2  circuits,  the  winding  being  duplex  singly  re-entrant. 
Symbol  O  O. 

(iv,)  /  =  8  ;  Z  =  572  ;  y^  =  71,  y'l  =  71.  This  is  a  wave- 
winding,  giving  by  formula  ifi)  4  circuits,  the  winding  being  doubly 

re-entrant.     Symbol    (q) 
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(zr.)  /  =  4  ;  Z  =r  246 ;  y\  =  61,  y^  =  59.  This  is  a  wave- 
winding   with  average   pitch  60,   giving   6   circuits,  with   a   trebly 

re-entrant  winding.     Symbol     (qq) 

(z7.)  /  =  4;  Z  =  438  ;  }'i  =  y2  =  111.  This  is  a  wave-winding, 
but  as  Z  and  j^i  contain  3  as  a  common  factor  there  will  be  3  inde- 
pendent wave  windings,  each  singly  4-e-entrant ;  and  there  will  be 
6  circuits.     Symbol  0  0  0. 

Coloured  Figures. — Figs.  226  to  231  give  a  set  of  examples 
of  wave-windings  to  elucidate  the  rules. 

Fig.  226  IS  a  6-pole,  two-circuit  winding  (sometimes  called 
"multipolar  series'*),  with  32  conductors.  The  winding  is 
singly  re-entrant.  The  winding  pitch  j^^  =^2  =  S«  Hence  b}- 
the  rule  ^  =  Z  —  py^  there  will  be  two  circuits.  Below  the 
figure  is  shown  the  equivalent  ring,  having  the  32  conductors 
rearranged  in  the  order  of  their  occurrence  (see  Arnold's 
'*  reduced  scheme,"  p.  415),  the  two  circuits  implying  a  two- 
pole  field.  The  advantage  of  this  mode  of  representation  is  that 
in  the  equivalent  ring  the  windings  do  not  overlap  one  another. 

Fig.  227  depicts  a  4-pole,  six-circuit  winding,  with  34  con- 
ductors and  an  average  winding-pitch  of  10.  On  examina- 
tion it  will  be  seen  that  the  winding,  though  simplex,  is  trebh- 

re-entrant  (symbol  (5^  ) ,  making  6  circuits  though  there 
are  only  4  brushes,  in  correspondence  with  the  4  poles.  The 
equivalent  ring,  as  shown,  will  be  a  6-pole  ring  with  6 
brushes. 

Fig.  228  is  a  6-pole,  four-circuit  winding,  having  32  con- 
luctors  with  an  average  winding  pitch  of  6.  This  produces 
a  duplex-winding  ;  there  being  two  independent  windings  each 
singly  re-entrant.  Hence  there  are  four  circuits  (symbol  O  O). 
The  equivalent  ring  will,  of  course,  have  a  4-pole  field  and  4 
brushes. 

Fig.  229  is  a  4-pole,  eight-circuit  winding,  having  32  con- 
ductors, with  an  average  winding  pitch  of  10.  It  results  in  a 
duplex,  doubly  re-entrant  winding  (symbol     (q)     (q)     ), 

The  equivalent  ring  has  8  poles  and  8  brushes. 

Fig.  230  is  a  4-pole,  six-circuit  winding,  with  30  conductors 
and  a  winding-pitch  of  9.     As  there  is  the  common  factor  5 
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between  \  Z  and^,  there  will  be  three  independent  windings, 
coloured  respectively  red,  green  and  black,  and  each  is  singly 
re-entrant  so  that  there  are  6  circuits  (symbol  O  O  O).  This 
triplex  winding  should  be  compared  with  Fig.  227,  which  also 
results  in  a  six-circuit  winding.  The  equivalent  ring  has,  of 
course,  also  three  independent  windings. 

Fig.  23 1  is  a  6-pole,  twelve-circuit  winding,  with  36  con- 
ductors,  and   an  average  winding  pitch  of  8,  resulting  in  a 

duplex  trebly  re-entrant  winding  (symbol  (qj)J  (^q^  ).  It 
requires  but  6  broad  brushes,  though,  as  is  obvious  from  tjhe 
equivalent  ring  diagram,  it  has  12  circuits  in  parallel  one  wjth 
another. 

It  will  be  noted  that  Figs.  226  and  228  depict  two  cases' in 
each  of  which  there  are  6  poles  and  32  conductors.  They 
differ,  however,  in  the  winding-pitch,  with  the  result  that  one 
is  a  two-circuit  and  the  other  a  four-circuit  winding.  The 
latter  would  yield  double  the  current  at  half  the  voltage. 


Drum-Windings. 

As  examples  of  windings  the  following  may  be  of  some 
service. 

In  Figs,  232  and  233  are  given  a  right-handed  winding  on 
Siemens'  plan  for  an  8-part  commutator,  and  one  turn  to  each 
section,  Le.  with  16  conductors  spaced  round  the  peripher}-. 
The  connecting  pieces  at  the  front  end  consist  of  straight 
connectors  (such  as  a  6)  and  spiral  connectors  (such  as  ^  i), 
which  cross  (either  under  or  over)  the  former.  The  connecting 
pieces  at  the  back  end  are  not  further  indicated  than  by  the 
dotted  lines  drawn  across.  In  the  developed  diagram  it  is 
seen  that  each  element  of  the  winding  is  similar  to  ^-5-12-rf 
and  that  the  arrangement  is  a  lap-winding.  The  back  con- 
nectors space  over  seven  conductors,  being  just  short  by  one 
of  the  number  i  Z  in  the  semi-circumference  ;  whilst  the  front 
connectors  space  over  five,  being  short  by  three  of  the  semi- 
circumference,  or  ji  =  5,^2  =  -7-  It  will  be  further  noted 
that  with  this  right-handed  winding,  rotating  right-handedly 

2  C  2 
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in  a  right-handed  field,  the  +  brush  is  near  the  top  of  the 
commutator. 
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Figs.  234  and  235  represent  the  same  thing,  except  that 
the  winding  is  left-handed,  with  the  result  that  the  +  brush  is 
now  near  the  bottom  of  the  commutator. 

The  winding  table  for  both  these  figures  is  the  same, 
namely  : — 
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But  in  the  right-handed  winding  the  spiral  connectors,  such  as 
rt  to  I,  go  toward  the  left,  and  in  the  left-handed  winding  to 
the  right. 

In  Fig.  232  and  Fig.  234  (the  developments)  it  is  seen 
that  for  both  these  windings  the  "  element  "  of  the  winding, 
indicated  by  the  darker  lines,  is  unsymmetrical  at  the  front 
connectors,  one  straight,  one  spiral,  this  being  due  to  the  use 
of  two  sorts  of  conductors.  The  bar  a  of  the  end  of  the  drum 
commutator  is  connected  to  the  front  end  of  No.  i  and  No.  6. 
In  one  case  it  is  skewed  forward  to  be  opposite  No.  6 ;  in  the 
other  It  is  skewed  backward  to  be  opposite  No.  i.  Why  should 
it  not  be  placed  symmetrically  between  them  ? 

Figs.  236  and  237  depict  a  symmetrical  lap-winding,  eler.- 
trically  precisely  equivalent  to  the  preceding,  and  having  the 
same  winding  table.  The  advantages  are  twofold :  that  for 
built-up  armatures  the  connectors  at  the  front  end  are  now 
all  of  the  same  pattern,  consisting  of  two  sets  of  short  spirals  ; 
and  that  the  brushes  now  come  to  a  horizontal  diameter.  The 
back  connexions  remain  exactly  as  before,  and  go  across  a 
longer  chord  than  the  front  connexions. 

To  secure  the  utmost  symmetry  in  the  winding,  the  back 
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FlCS.    140   AND   141.  — TWO-LjIYKR   DltUM-W[KD[NC. 
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Figs.  244  and  145.— Thuky's  Armatire  (4-pole  Lap-Winding.) 

Z  =  34 ;  .r,  =  3  ;  ^,  =  -  5  ;  f  =  4. 
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and  front  connectors  ought  to  be  equalized.  The  theoretically 
proper  spacing  is  yx  =  7»  ^2  =  9-  To  attain  this,  join  No.  i 
to  No.  8  at  one  end  of  the  drum  and  to  No.  10  at  the  other. 
The  result  is  shown  in  Figs.  238  and  239,  from  which  it  is  at 
once  apparent  that  we  have  passed  from  lap-windii^gs  to  a 
wave-winding ;  each  element  passing  around  the  drum  and 
returning  only  to  the  next  bar  of  the  commutator  from  whence 
it  started.     The  winding  table  for  this  case  is  : — 
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" 

Electrically  this  winding  is  the  precise  equivalent  of  the 
three  preceding.  The  spiral  connectors  at  the  back  end  meet 
in  pairs,  as  those  at  the  front  meet  at  the  commutator. 

A  two  layer  winding  for  twenty-four  conductors,  together 
with  its  development,  arc  given  in  Figs.  240  and  241,  showing 
how,  when  half  the  armature,  from  a  to  g^  has  been  completed 
one  layer  has  been  wound. 

As  mentioned  on  p.  411  below,  the  winding  of  multipolar 
armatures  with  series-grouping  was  suggested  by  Professor 
Perry.^  It  was  applied  to  drum-winding  by  Messrs.  Paris  and 
Scott,*  and  by  Mr.  Kapp,  and  has  come  into  extensive  use  in 
recent  times. 

In  Figs.  242  and  243  are  given  the  connexions  for  a  4-pole 
drum-winding  with  twenty-two  conductors  ;  here^  =  5.  The 
winding-table  for  this  armature  is  as  follows  : — 


*  SpeciBcation  of  Patent,  No.  3036  of  i8J?2. 

•  Specification  of  Patent,  No.  4683  of  1884. 
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4-poLE  Drum:  22  Conductors:  Series  Grouping. 
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In  Figs.  244  and  245  is  given  a  lap  winding  used  by  Thury 
(see  Fig.453,  p.  716),  the  case  illustrated  being  that  of  a  4-pole 
drum.  It  is  a  lap-winding  for  parallel  grouping,  with  a 
spacing  at  the  back  end  just  short  of  the  pitch  of  the  poles 
and  a  still  shorter  spacing  at  the  front  end.  This  is  a  form  of 
chord  winding  intended  to  keep  conductors  at  very  different 
potentials  from  overlapping,  and  it  can  be  well  insulated 
because  the  separate  sections  can  be  wound  on  formers  before 
being  laid  over  the  core. 

A  method  of  drum  winding  was  proposed  by  Fritsche,^  in 
which  the  conductors  all  lie  obliquely  across  the  surface  of  the 
drum,  no  part  of  them  being  parallel  to  the  shaft  In  this 
case  the  field-magnet  poles  are  also  constructed  with  diagonal 
faces.  The  oblique  winding  is  shown  developed  in  Fig.  246  ; 
which  should  be  compared  with  the  winding  of  Fig.  216, 
p.  361,  to  which  it  is  electrically  equivalent. 

Duplex  and  Multiplex  Windings, — In  dynamos  intended 
to  yield  currents  so  large  that  a  difficulty  in  commutation  is 
likely  to  arise,  it  is  convenient  to  have  two  or  more  distinct 
windings  on  the  armature,  each  connected  to  its  own  set  of 
commutator  bars,  all  the  sets  being  interleaved  in  one  commu- 
tator and  the  current  being  collected  by  a  pair  of  broad  brushes 


*  Die  GUichstrom-Dynamomaschinei  Berlin,  1889. 
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or  a  set  of  several  brushes  connected  together  so  as  to  virtually 
form  one  broad  brush.  The  advantage  of  this  method  is  that 
only  a  fraction  of  the  whole  current  has  to  be  reversed  in  the 
passing  of  any  one  bar  of  the  commutator.  The  division  of  what 
would  othenvise  be  very  stout  conductors  into  several  smaller 
conductors,  also  has  the  effect  of  reducing  eddy-current  loss 


Fig.  246.— Frctsche's  Obliqie  Wave-Wixding. 

Figs.  247  and  248  show  the  connexions  of  a  triplex-wound 
drum  armature  for  a  2-poIe  field  having  48  conductors  in  all, 
that  is  to  say,  r6  in  each  independent  circuit.  In  practice  a 
greater  number  of  conductors  would  of  course  be  used.  Each 
circuit  is  wound  as  an   ordinary  drum-winding,  being  con- 
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nected  to  8  bars  of  the  commutator.  There  are  no  c< 
between  the  three  circuits  except  such  as  are  made  by  the 
brushes,  which  are  broad  enough  to  overlap  three  bars  of  the 
commutator,  thus  putting  the  three  circuits  in  parallel. 

The  winding-tables  for  this  armature  are  given  on  p.  398, 


Fig,  149.— Triplex -wound  4-pole  Drlm  Armatlre. 

Fig.  249  shows  the  connexions  of  a  triplex-wound  drum- 
armature  for  a  4-pole  field.  The  connexions  are  sufficiently 
clear  without  the  aid  of  a  winding-table.  There  are  90  con- 
ductors, 30  in  each  circuit,  the  spacing  being  21. 

Further  Examples  of  Drum-  Windings. — An  example  of  a 
lap-winding  is  afforded  by  the  6-pole  Scott  and  Mountain 
generator,  page  582,  in  which  Z  =  496,  K  =  248.  g  =  z, 
c  =  6,^1  =  4'..y3  =  -  39..y  =  2,  the  conductors  lying  in  124 
slots,  4  conductors  per  slot.     As  there  are  6  poles  there  are  20§ 
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slots  per  pole.  The  coils  are  grouped  to  span  over  20  slots,  con- 
ductor No.  I  (upper)  in  No.  1  (Fig.  250)  slot  being  united  to  con- 
ductor No.  2  (lower)  in  No.  21  slot ;  and  No.  2  in  No.  21  slot 
is  connected  back  to  No.  3  (upper)  in  No.  i  slot,  which  in  turn 
is  joined  to  No.  4  (lower)  in  No.  21  slot,  as  shown  in  Fig.  250. 
This  is  then  returned  to  No.  i  (upper)  in  No.  2  slot,  and  so 
forth.     If  the  conductors  were  numbered  consecutively,  begin- 
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ning  with  No.  i,  in  No.  I  slot,  those  in  No.  21  slot  would 
become  Nos.  41,  42,  43  and  44.  Hence  if  No.  i  is  joined  at 
the  front  end  to  No.  42,  and  No.  42  at  its  back  end  laps  back 
to  No.  3,  the  pitches  are  respectively  y^  =  41,^2  =  -  39»  and 
/  =  2.  This  is  therefore  a  simplex  singly  re-entrant  winding. 
As  an  example  of  a  wave- winding  we  may  take  the  lo-pole 
generator  of  Kolben  (p.  671  and  Plate  XVII.).  This  has 
874  conductors  lying  in  437  slots,  t.e.  two  conductors  per  slot. 
Now  874  =  87  X  10  +  4.  Hence  if  y  =  87,  it  follows  that 
<:  =  4,  and  the  winding  will  be  doubly  re-entrant,  or  is  a  series- 
parallel  winding.  The  winding  table  may  be  constructed  as 
follows,  beginning  with  conductor  No.  i  : — 


1st  round 

.   I  t  88 

1 

175 

262 

1349 

436 

523 

610  697 

784  871 

2nd  round  .  . 

.  871  84 

171 

258 

345 

432 

519 

604  693 

780  867 

3rd  round 

.  867  80 

1 

167 

254 

341 

428 

515 

600  689 

776 ,  863 

.  .  ■  ■ 
44th  round 

.  703  790 

3 

90 

177 

264 

351 

438  525 

612  699 

45  th  round 

.  699  786 

873 

86 

173 

260 

347 

434  521 

608  695 

•    •    •    • 

87th  round 

1 
.  '531  618 

705 

792 

5 

92 

179 

266  353 

440 

527 

88th  round   .   . 

.  527  614 

701 

788 

I 

1 

I. 
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The  winding  becomes  re-entrant  after  87  rounds  plus  4 
steps.  It  had  become  all  but  re-entrant  by  returning  to  No.  3 
(instead  of  No.  i)  after  44  rounds  plus  2  steps. 

Mixed  Wave  and  Lap-  Winding, — None  of  the  foregoing 
formulae  take  any  account  of  certain  symmetrical  windings  in 
practical  use  which  are  mixed.  Fig.  251  is  a  simple  example 
of  such  a  winding,  essentially  a  wave-winding,  of  which  each 
element  consists  of  4  loops  in  series.     Windings  of  this  general 


GROUP  I 
UPPER  LAYER 


.^--> 


GROUP  92  C  ^    ^  ) 
LOWER   LAYER 


^. 15   TEETH- 
SPAN 


GROUP  179 
UPPER   LAYER 


<,_,) 


^ 


15    TEETH * 

SPAN 


character  lend  themselves  to  small  or  medium  sized  armatures 
with  former-wound  coils,  as  those  of  tramway  motors,  or  for 
special  high-voltage  construction.  An  example  is  to  be  found 
in  the  high-voltage  4-pole  dynamo  of  Messrs.  Brown,  Boveri 
&  Co.,  Fig.  479.  This  is  a  winding  of  great  interest.  There 
are  59  slots,  receiving  59  former-wound  groups  of  coils.  Each 
group  is  made  up  of  three  separate  "  sections,"  so  that  the 
number  of  "sections"  is  177,  and  there  are  177  segments  to 
the  commutator.  These  sections  are  connected  up  as  a  wave- 
winding.     But  each  section  itself  consists  of  4  loops  or  turns. 
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There  are  therefore  24  wires  through  each  slot,  making  13 16 
conductors  in  all.  They  may  be  regarded  as  177  "sections," 
each  consisting  of  8  conductors  united  together ;  or,  for 
purposes  of  calculation  we  may  regard  the  whole  thing  as  a 
wave-winding  of  354  conductors,  and  then  substitute  8  con- 
ductors for  the  2  in  each  loop.  Now  to  make  a  singly  re- 
entrant wave-winding  of  354  conductors  we  must  have  an 
average  pitch  J?  such  that/j  ±  2  =  354 ;  whence^  =  89  or  88. 
As  a  matter  of  fact  the  average  pitch  chosen  is  89,  and  the 
two  actual  pitches  arc^i  =  87,^2  =  9i>  the  winding  table  being 
as  follows  : — 


First  round 


I — 92 — 179 — 270 — 3 


91 


91 


87 


Second  roun  i 


3—94—1^8 1 —272 — 5 

87 


91 


91 


87 


and  so  forth.  But  the  steps  of  pitch  91  are  all  of  them  laps  of 
4  turns,  while  the  steps  of  pitch  87  are  mere  connexions  down 
to  the  commutator  and  then  on  to  the  next  set  of  4  turns  in 
the  succession,  as  in  the  following  scheme  : — 


Groups  (J^PP^^ 
^    \  Lower 


Commutator  Bar    I 


92    /        270         94 


272 


90 


9« 


-> 
J 


i82v  etc. 

96   /       ^274 

92  4 


Now  as  there  are  354  "groups"  in  59  slots  this  is  6 
"  groups  "  per  slot,  three  **  upper  "  of  odd  number  and  three 
"  lower  "  of  even  number.     As  there  are  6  in  a  slot  we  may  take 


^OT    2 


I    3   8 

IF 


O 


o 
o 


^SM 


o 
o 


Fig.  252. 


2  4<   e 
SLOT    le 


No.  I  slot  as  containing  groups  i  to  6,  No.  2  slot  groups  7  to 
12,  and  so  forth,  so  that  No.  16  slot  will  contain  91  to  96. 
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Then  group  92  will  be  the  first  lower  group  in  No.  16  slots^ 
and  the  slot-pitch  for  the  former-wound  coils  will  be  from 
No.  I  slot  to  No.  16  slot,  or  the  slot-pitch  for  the  coils  spans 
over  IS  teeth. 

Number  of  Brush-sets. — The  number  of  places  on  the 
commutator  at  which  it  is  necessary  or  advisable  to  place  a 
set  of  collecting  brushes  can  be  ascertained  from  the  winding 
diagrams.  All  that  is  necessary  is  to  draw  arrows  marking 
the  directions  of  the  induced  electromotive-forces.  This  has 
been  done,  for  example,  in  the  radial  diagrams  Figs.  217  to  24^- 
Wherever  two  arrow-heads  meet  at  any  segment  of  the 
commutator  there  a  positive  brush  is  to  be  placed:  and  at 
every  point  from  which  two  arrows  start  in  opposed  direc- 
tions along  the  winding,  there  is  the  place  for  a  negative 
brush. 

For  all  lap-windings,  and  for  ordinary  parallel  ring-wind- 
ings,  there  will  be  as  many  brush-sets  as  poles,  and  they  will 
be  situated  symmetrically  around  the  commutator  in  regular 
alternation,  -h  and  — ,  at  angular  distances  apart  equal  to  the 
pole-pitch.  It  must  be  remembered  that  the  number  of  brush- 
sets  does  not  necessarily  show  the  number  of  circuits  through 
the  armature.  Take  the  case  of  a  4-poie  machine  with  four 
sets  of  brushes  at  90°  apart  from  one  another.  If  the  winding 
is  a  simplex,  singly  re-entrant  lap-winding,  there  will  be  4 
circuits.  But  if  the  winding  is  a  duplex,  or  a  doubly  re-entrant 
lap-winding  there  will  be  8  paths.  If  a  triplex  singly  re- 
entrant lap-winding  there  will  be  12  circuits.  An  ordinary 
ring  placed  in  a  multipolar  field  would  have  as  many 
neutral  points  on  its  commutator  as  there  are  poles  around 
it,  and  would  therefore  need  as  many  brushes  as  the  machine 
had  poles.  In  Plate  XXV.  are  given  two  views  of  the 
large  Berlin  type  of  multipolar  ring  machines  with  internal 
field-magnets,  which  originated  with  Messrs.  Siemens  and 
Halske.  The  ring-winding  is  built  up  of  separate  copper 
conductors  which  are  joined  together  in  a  simple  continuous 
spiral.  The  outer  portions  of  these  conductors  are  made 
deep  and  broad,  so  as  to  serve  as  a  commutator.  The  brushes 
trail  on  the  outer  surface  of  the  ring ;   aikd  it  will  be  noted 
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that  there  are  as  many  sets  of  brushes  as  there  are  internal 
poles  ;  the  brushes  are  spaced  out  at  equal  angular  distances  ; 
there  being  10  sets  of  them,  alternately  positive  and  negative. 
The  S  positive  brushes  are  all  connected  together  electrically  ; 
while  the  5  negative  brushes  are  also  connected  together.  In 
this  case  there  are  10  paths  through  the  armature  from  the  + 
to  the  —  side  of  the  circuit. 

For  wave-windings y  whether  series  or  series-parallel,  and 
for  series  ring-windings,  if  the  arrow-heads  are  similarly  drawn 
it  will  be  found  that  there  are  required  but  two  brush-sets, 
whatever  the  number  of  poles  ;  and  the  angle  between  the  + 
set  and  the  —  set  will  be  the  same  as  the  angle  between  any 
N-pole  and  any  8 -pole.  Thus  for  a  lo-pole  machine  with 
wave-wound  armature,  the  brush-sets  may  be  36°  apart,  or 
they  may  be  3  x  36°  =  108°,  or  5  x  36°  =  180°  apart.  But 
it  must  again  be  remembered  that  though  there  may  be  only 
two  brush-sets,  the  number  of  circuits  through  the  winding  is 
not  necessarily  2.  For  if  the  winding  is  duplex  or  if  it  is 
doubly  re-entrant,  the  number  of  circuits  will  be  4.  If  both 
duplex  and  doubly  re-entrant  8. 

There  are,  however,  some  further  considerations  that 
deserve  attention. 

Reduction  in  Number  of  Brush-sets. — Cases  occur  when  it 
may  be  desirable,  with  a  parallel-winding  (for  which  the 
number  of  brush-sets  would  naturally  be  equal  to  the  number 
of  poles),  to  reduce  the  number  of  brush-sets.  In  the  case  of 
4-pole  tramway  motors  mere  convenience  of  access  dictates 
the  reduction  of  the  number  of  brush-sets  to  2.  Now,  if  a 
wave-winding  is  adopted  the  number  will  naturally  be  2,  not 
4.  If  a  parallel  winding  is  adopted  the  number  4  may  be 
reduced  to  2  by  the  application  of  Mordey's  device  of  cross- 
connecting  the  segments  of  the  commutator.  Let  us,  how- 
ever, consider  what  is  the  result,  without  resorting  to  either 
of  these  expedients,  of  simply  using,  with  a  parallel-wound 
4-pole  armature,  2  brushes  instead  of  4.  Suppose  the  ma- 
chines to  be  generating  120  amperes;  then  if  4  brushes  are 
used  there  will  be  4  circuits,  each  carrying  30  amperes,  and  at 
each  "  brush  "  the  current  will  be  60  amperes  (Fig.  253).    If  now 
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2  of  the  brushes  are  removed,  and  the  dynamo  still  generates 
1 20  amperes,  the  current  through  each  of  the  two  remaining 
brushes  will  be  120  amperes;  while  internally  there  will  be 
only  2  circuits.  But  these  will  not  take  equal  shares  of  the 
current,  since,  though  the  sum  of  the  electromotive-force  in 
each  circuit  is  the  same,  the  resistance  of  one  is  three  times 
that  of  the  other.  So  the  currents  will  be  about  90  amperes 
in  one  circuit,  and  about  30  amperes  in  the  other  as  in  Fig.  254. 
Assuming  that  no  spark-difficulties  occur  in  collecting  120 
amperes  at  either  brush  the  arrangement  will  work  perfectly. 


Fig.  253. 

But  the  heat  losses  will  be  greater  than  before.  For,  if  the 
resistance  of  one-quarter  of  the  winding  be  taken  as  0*05  ohm> 
the  heat  loss  will  be  : — 

IVith  4  brushes  4  X  30  x  30  X  0*05         =180  watts. 

With  2  Irushes      (  !  ^  ?o  X  90  X  0-05  |     ^         ^^^^ 

\  3  X  30  X  30  X  0*05  j         -'^ 

It  is  not  an  uncommon  thing  in  the  case  of  6-pole  slow 
speed  exciter  machines  to  sec  only  4  brush  sets  instead  of  6. 

Increase  in  Number  of  Brush'-sets. — In  cases  where  wave- 
windings  are  used,  requiring,  as  we  have  seen,  only  two  brush- 
sets,  it  is  often  advisable  to  use  more  sets  than  two.  This  is 
particularly  the  case  where   the  current  to  be  collected  is 
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several  hundred  amperes.  In  fact,  though  in  one  sense  only 
two  sets  are  required,  and  these  situated  at  an  angular  distance 
apart  equal  to  the  angular  distance  from  one  N-pole  to  any 
S-pole,  there  is  no  harm  done  if  as  many  sets  are  employed 
as  there  are  poles.  Consider  a  singly  re-entrant  simplex  wave- 
winding  for  an  8-pole  machine  such  as  Fig.  223.  Whenever 
any  brush  bridges  across  between  two  adjacent  bars  of  the 
commutator  it  short-circuits  one  **  round  "  of  the  wave-winding, 
and  this  "  round  "  is  connected  at  three  intermediate  points  to 
other  bars  of  the  commutator.  So,  if  the  short-circuiting  brush 
is  a  +  brush,  no  harm  will  be  done  by  three  other  +  brushes 


120  AMR 


■¥-  120  AMR  — 


Fig.  254. 

touching  at  the  other  points.  If  these  other  brushes  are 
broad  enough  to  bridge  across  two  commutator  bars,  then 
they  may  have  the  effect  that  commutation  may  go  on  at 
them  also,  three  "  rounds "  instead  of  one  undergoing  com- 
mutation together.  Or,  what  amounts  to  the  same  thing,  the 
duration  of  act  of  commutation  for  any  one  ** round"  will  be 
prolonged,  much  as  it  would  be  if  for  the  one  brush  there 
were  simply  substituted  one  of  greater  breadth.  Certain  it  is 
that  the  commutation  is  in  general  improved  by  using  more 
brush-sets  than  two.  Many  makers  of  multipolar  machines 
with  wave-windings,  habitually  use  the  full  number  all  round 
the  commutator.  As  examples,  see  the  Kolben  lO-pole 
machine,  p.  671,  and  the  Oerlikon  12-pole  machine,  p.  656. 

Choice  of  Number  of  Circuits, — From  the  considerations 
already  discussed  it  will  be  seen  that  it  is  possible  to  have 
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windings  that  give  any  desired  (even)  number  of  circuits  in 
machines  having  any  number  of  poles.  It  was  not  known 
until  recent  years  that  this  could  be  so  ;  that,  for  example,  one 
might  have  a  6-pole  machine  with  4  circuits,  or  an  8-pole 
machine  with  6  circuits.  A  few  considerations  on  the  choice 
of  alternatives  may  be  desirable.  In  large  multipolar  genera- 
tors it  is  as  a  rule  inadvisable  to  have  more  than  100  or  150 
amperes  in  any  one  circuit  [Special  machines  for  electro- 
chemical work  form  exceptions.]  Suppose  then  it  were 
desired  to  design  a  6-pole  machine  to  give  an  output  of  400 
amperes.  If  designed  with  2  circuits  as  a  singly  re-entrant 
wave-winding,  there  would  be  200  amperes  per  circuit  If 
with  a  duplex  singly  re-entrant  wave-winding,  or  a  simplex 
doubly  re-entrant  wave-winding,  there  would  be  4  circuits  each 
carrying  100  amperes.  If  with  a  triplex  singly  re-entrant 
wave-winding,  or  with  a  parallel  lap-winding,  6  circuits  with 
66*6  amperes  each.  In  each  case  except  the  last  there  might 
be  only  2  brush-sets  ;  but  in  each  case  6  brush-sets  would  be 
preferable.  From  this  last  point  of  view  there  is  nothing  to 
choose.  But  the  2-circuit  winding  is  too  thick,  and  the  6- 
circuit  winding  involves  an  unnecessarily  great  number  of  con- 
ductors and  connexions.  The  4-circuit  winding  is  distinctly 
preferable.  Again,  suppose  a  12-pole  slow-speed  machine 
were  desired  for  a  high  voltage  and  to  give  out  300  amperes. 
A  parallel  winding  with  12  circuits  each  carrying  only  2$ 
amperes  would  be  absurd :  a  2-circuit  winding  would  be  dis- 
tinctly preferable. 

Thus  it  will  be  seen  that  wave-windings,  with  their  many 
possibilities  of  different  groupings  in  series,  series-parallel,  etc., 
offer  distinct  advantages  over  lap-windings,  and  they  possess 
the  further  incidental  advantages  of  equalizing  any  inequality 
in  the  magnetic  fields  of  the  various  poles,  and,  in  general,  of 
requiring  fewer  conductors  and  end-connexions  than  lap- 
windings  do.  Arnold  has  given  the  following  very  striking 
example  of  the  adaptations  of  wave-winding : — 

Taking  the  formula  (p.    380)  for  series  parallel  grouping 

2  K  +  r 
^i,  = -'  y  and  applying  it  to  the  case  of  a  6-pole  machine 
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with  290  conductors  and  145  commutator  bars,  we  may  have 
with  one  and  the  same  size  of  core-disk,  and  the  same  size  o( 
conductors,  the  following  cases  : — 


No.  of  Circuits.   ' 

TT  laaing  oiep  at 

Commutator. 

Volts. 

Amperes. 

2 

48 

250 

100 

1 

4 

49 

125 

200 

8 

47 

62-5 

400 

10 

50 

SO 

500 

With  the  same  core-disk,  a  doubly  re-entrant  lap-winding 
would  give  : — 

12  2  43  600 

A  disadvantage  of  series-groupings  is,  that  in  general  they 
require  an  odd  number  of  slots,  making  construction  of  the 
disks  in  segments  a  not  too  easy  matter,  unless  the  number 
of  slots  is  divisible  by  9,  15,  or  21.  Some  makers  find  com- 
mutation less  satisfactory  in  these  machines  than  in  those 
with  parallel  grouping. 

Cross-Connexions,  —  It  was  noted  above,  that  if  for  any 
reason  the  poles  are  of  unequal  strength,  parallel-windings, 
whether  lap-wound  or  ring-wound,  work  unequally,  the  cur- 
rent no  longer  dividing  itself  equally  between  the  various 
circuits  that  are  in  parallel.  Asa  result  the  heating  is  no 
longer  a  minimum.  To  mitigate  this  evil  it  is  now  cus- 
tomary to  provide  parallel-wound  armatures  with  equalizing 
connexions,  which  are  cross-connexions  between  those  parts  of 
the  winding  which  are,  or  ought  to  be,  at  equal  potentials. 

As  a  matter  of  history  such  cross-connexions  were  intro- 
duced many  years  ago  for  other  reasons. 

In  Fig.  255  is  represented  a  mode  of  reducing  the  number* 
of  brushes  to  two,  by  cross-connecting  windings  at  opposite 
sides  of  the  ring,  a  device  due  to  Mr.  Mordey.  This  may  be 
looked  upon  as  simply  putting  into  parallel  with  one  another 
each  coil  and  the  one  that  occupies  the  similar  place  opposite 
the  corresponding  pole.  The  arrangement  looks  unsym- 
metrical,  but  is  not  really  so.  For  a  6-pole  machine  each 
coil  would  need  to  be  connected  with  the  two  others  at  120° 
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on  either  side  of  it.  There  are  several  actual  ways  of  doing 
this.  One  is  by  means  of  spiral  connectors  ;  another  is  by 
connecting  across  the  corresponding  bars  of  the  commutator. 


Fig.  asS- — Moidey's  Method  of  Multipolak  CoNstxioNS  op  Ring 
(Parallel  Connexions). 

In  the  Victoria  (Mordey)  dynamos  of  the  Brush  Company  the 
length  of  shaft  between  the  ring  and  the  commutator  permits 


of  double   cross-connexion,   each  junction   of  two   adjacent 
sections  being  connected  by  a  wire  down  to  the  nearest  bar 
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of  the  commutator,  and  also  connected  round  to  that  on  the 
opposite  side,  as  in  Fig.  356.  Such  cross-connected  machines 
really  have  four  collecting  points  on  the  commutator,  but  if 
brushes  are  placed  at  two  only  of  these,  they  can  still  collect 
the  current.  Yet  it  is  better  to  place  brushes  at  all  four  points. 
Special  Groupings, — There  are  several  methods  of  grouping 
the  winding  in  series  so  as  to  gain  a  double  electromotive- 
force.  One  of  these  modes,  electrically  symmetrical,  is  depicted 
in  Fig.  257,  wherein,  while  opposite  coils  are  coupled  in  series, 
the  commutator  bars  are  cross-connected.  This  requires  also 
but  two  brushes,  at  90°  apart.     Two  other  modes  of  accom- 


plishing the  same  end  are  shown  in  the  windings  of  Figs.  258 
and  259.  Here,  however,  the  connexions  are  not  symmetrical, 
so  that  the  resistances  of  the  two  paths  (and  therefore  the 
respective  currents)  cannot  be  at  all  instants  equal. 

In  yet  another  arrangement  (Fig.  260),  each  coil  is  con- 
nected down  to  q  segments  at  intervals  of  360"  -j-  q  around 
the  ring  ;  and  introduces  an  increased  number  of  bars  of  the 
commutator.  This  device  of  interpolating  segments  of  the 
commutator  is  applicable  to  many  machines. 

Another  winding,  Fig.  261,  devised  by  Professor  Perry, 
brings  down  the  connexions  from  each  section  across  a  chord 
of  the  commutator.     The  case  shown  is  that  of  a  ring  with 
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eleven  sections  in  a  4-pole  field.  The  number  of  sections  and 
of  parts  of  the  commutator  must  be  odd  if  the  number  of 
pairs  of  poles  is  even.  It  may  be  either  odd  or  even  for 
6-pole  or  lO-polc  machines.  This  is,  in  fact,  a  sort  of  wave- 
winding,  carried  out  with  ring  elements.  It  is  subject  to  the 
rules  given  on  p.  381. 

A  further  example  is  afforded  by  a  special  ring-winding 
used  by  Wodicka,  Fig.  262,  in  which  each  section  is  joined  in 
series  with  one  on  the  side  opposite  to  it,  so  that  the  number 
of  commutator  bars  is  half  that  of  the  sections.     Here  each 


Fig.  260. -Multipolar  Ring,  Fig.  i6i.— Pkbrv's  Method  of 

WITH    InTKRPOLATHII   StGMENTS.  MlXTIPOLAR    SERIES   GROUPING. 


"  element "  of  the  winding  consists  of  two  sections  each  con- 
taining  active   conductors ;    hence  p  =  2;    Z  =  32;  g  =  2: 

yi=  +iS;yi=  -11. 

Equalising-  Rings. — Equalizing  connexions  forthe  express 
purpose  of  equalizing  the  amounts  of  current  collected  at 
the  various  sets  of  brushes  may  be  made  in  various  ways. 
In  multipolar  machines,  any  tvvo  or  more  points  in  the 
winding  that  are  during  the  rotation  at  nearly  equal  poten- 
tials may  be  connected  together.  If  there  were  perfect 
symmetry  in  the  field  system  no  currents  would  flow  along 
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such  connectors ;  but,  owing  to  imperfect  symmetry  the 
induction  in  the  various  sections  of  the  winding  may  be 
unequal  and  the  currents  not  equally  distributed.  Thus  in  a 
10-pole  machine  with  parallel  winding,  suppose  two  of  the  poles 
to  be  badly  excited  owing  to  some  defect  of  the  exciting 
bobbins,  then  the  sections  of  the  armature  winding  as  they  pass 
those  poles  will  not  generate  the  full  electromotive-force,  and 


Fig.  a6i.— Risg-Wjndino  iv 

at  this  instant  there  will  be  an  abnormal  amount  of  current 
drawn  from  the  other  sections,  tending  to  set  up  sparking.  If 
now  there  are  chosen  5  equidistant  points  on  the  winding  and 
these  are  joinetl  together  by  a  connexion  of  low  resistance,  by 
being  united  to  a  copper  ring,  this  adjunct  will,  at  those  instants 
when  these  five  points  are  near  the  commutation-points,  tend 
to  equalize  the  distribution  of  current.     But  to  be  effective 
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several  such  equalizing  rings  are  needed,  each  independent 
of  the  other,  and  each  connected  down  to  the  winding  at 
points  spaced  out  at  distances  apart  equal  to  twice  the  pole- 
pitch. 

As  an  example,  suppose  a  lo-pole  machine  having  Z  =  4S0, 
with  a  parallel  lap-winding,  and  that  we   decide  to  have  8 


Fig.  163.— Arm  at  I- re  with  Eqi:alizino  Rini-.s. 

equalizing  rings.  As  there  are  i)^  conductors  within  the 
double-pole  pitch,  any  conductor  (No.  i  for  example)  will  be 
joined  to  the  96th  beyond  it,  and  so  on  around  the  first  ring. 
As  there  are  to  be  8  rings,  if  the  first-  ring  is  joined  to  conductor 
No.  I,  the  next  ring  must  be  joined  to  the  conductor  that  is 
the  eighth  part  of  the  distance  along  the  winding  from  No.  i 
towards  No.  97,  that  is  to  a  conductor  I2  places  further  on, 
namely  No.  13,  and  so  forth.  Then  the  connexions  to  the  rings 
may  be  tabulated  like  a  winding-table  as  follows  : — 
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First  rinj[j      ....             i 

97 

193 

2S9 

385 

Second  ring  . 

13 

109 

205 

301 

397 

Third  ring     . 

25 

121 

217 

313 

409 

Fourth  ring  . 

VJ 

133 

229 

325 

421 

Fifth  ring 

49 

145 

241 

337 

433 

Sixth  ring     . 

61 

157 

253 

349 

445 

Seventh  ring 

73 

169 

265 

361 

457 

Eighth  ring  . 

•   ;        85 

181 

277 

373 

469 

It  will  be  obvious  that  it  is  expedient  for  perfect  symmetry 
that  in  designing  an  armature  to  be  furnished  with  equalizing 
rings,  Z  should  be  chosen  such  that  the  number  of  rings  and 
the  number  of  poles  are  both  of  them  factors  of  Z.  In  the 
case  of  double-current  machines  (see  as  example,  Fig.  423)  with 
connexions  to  yield  three-phase  currents,  such  three-phase 
connectors  serve  as  equalizers  even  though  no  three-phase 
current  is  being  drawn  from  the  armature.  Fig.  263  shows 
such  equalizing  rings  in  an  armature ,  of  the  Thomson- 
Houston  Co,  They  are  sometimes  arranged  at  the  back  of 
the  armature  (see  the  machine  of  the  English  Electric  Company, 
Fig.  301),  or  sometimes  inside  the  commutator,  or  at  the 
back  of  it  (see  the  Scott  and  Mountain  machine.  Fig.  396).  In 
some  cases  they  are  placed  over  the  armature  periphery  like 
binding  wires.  The  theory  of  equalizing  connexions  has  been 
treated  very  fully  by  Arnold.^  In  order  to  discuss  the 
application  of  equalizing  connexions  to  wave-windings,  he  has 
suggested  an  ingenious  "  reduced  scheme "  or  diagram  in 
which  he  takes  the  various  numbered  sections  of  a  wave- 
winding  and  rearranges  them  like  a  two-pole  ring  winding 
having  equivalent  properties.  This  is  best  understood  by 
comparing  Figs.  226  to  231,  each  of  which  represents  a  wave- 
winding  together  with  the  "reduced  diagram"  of  the  same 
winding.  When  such  diagrams  are  made  for  4-circuit  or 
6-circuit  windings,  it  at  once  becomes  obvious  which  coils  are 
or  ought  to  be  equipotential,  and  the  points  to  be  joined  by 


*  Elektroicch,  Zeitschr.  xxiii.  215-220  and  233-235,  1902;  and  in  his  work 
Gidchsirom-Maschineji  ( 1 902 ) . 
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equalizing  connexions  can  be  seen.  Arnold  has  patented 
equalizing  connexions  in  wave-windings.  One  difficulty, 
namely  that  wavo-windings  require  odd  numbers  of  slots, 
giving  rise  to  unbalanced  groupings  that  are  un  symmetrical, 
Arnold  purposes  to  obviate  by  interpolating  a  single  lap  in  the 
wave-winding  in  any  section  which  has  one  element  too  few. 

To  remedy  inequality  of  poles  in  series  windings, 
Mr.  B.  G.  Lamme,  of  Pittsburg,  has  devised  ^  the  method  of 
laying  in  the  same  slots  a  separate  closed  winding  of  low 
resistance  connected  down  at  symmetrical  points,  like  the 
ordinary  equalizing   connexions,   to   two  or   more  insulated 


rings.  This  virtually  makes  a  parallel-connected  polyphase 
closed  winding,  in  which,  unless  the  inductive  actions  are 
unequal,  there  will  be  no  currents  ;  but  in  which  if  the  induc- 
tive actions  of  the  individual  poles  are  unequal,  balancing 
currents  will  be  induced. 

Disk  Windings — These  may  be  treated  as  drum  windings 
extended  radially,  the  outer  periphery  corresponding  to  the 
back  end  of  the  drum.  The  earliest  such  winding  is  that 
suggested  in  1875,  by  Pacinotti.  This  is  a  lap-winding 
adapted  for  a  2-pole  field,  the  N-pole  being  behind  the 
upper  part,  the  S-poIe  behind  the  lower  part  in  Fig.  264.  It 
will  be  noted  that  the  outer  end  of  each  radial  conductor  is 
carried  round  by  a  peripheral  connecting  piece  to  join  the  end 
■  U.S.P.  No.  646,091, 
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of  another  radial  conductor,  which  for  a  2>pole  machine 
would  be  the  one  lying  next  but  one  to  that  which  is  dia- 
metrically opposite.  The  schematic  figure  relates  to  a  lo-part 
armature,  made  up  of  twenty  radial  conductors.  They  are 
numbered  so  that  the  order  of  connexions  may  be  traced. 
The  diameter  of  commutation  being  dd,  the  currents  flow 
radially  inwards  in  one  half  and   radially  outwards   in   the 


Fig.  166.— 4-polb  Wave-winding  (Muller). 

other   half  of  this   disk.      The    construction   of    Pacinotti's 
experimental  machines  is  described  in  his  original  paper. 

Since  then  many  suggestions  have  been  made  for  windings 
of  this  description, 

A  lap-winding,  identical  with  Pacinotti's  but  adapted  to  a 
4-pole  field,  is  depicted  in  Fig.  265 ;  it  is  known  as  the  Edison 
"  new  disk  "  winding.  Bollman  and  Muller  have  devised  multi- 
polar disks  with  wave-winding. 

I.  2  E 
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Fig.  266  shows  the  connexions  of  a  disk -armature  designed 
by  Muller'  for  a  4-pole  machine  in  which  the  conductors 
passing  in  front  of  the  different  pairs  of  poles  are  placed  inseries. 
The  brushes  in  this  case  are  placed  at  90°  to  each  other. 

Disk-armatures  have  been  revived  by  Desroziers  and 
Fritsche.  Desroziers  employs  for  a  6-pole  machine  the 
«l3t)orate  wave-winding  shown  in  Fig.  267.     A  special  study 


Fig.  267. — Desroziers'  6-polk  Disk-Wendinc. 

of  this  class  of  winding  has  been  made  by  Arnoux."  Fritsche 
employs  polygonal  poles,  enabling  him  to  use,  as  conductors, 
strips  of  metal  built  up  in  star-polygon  fashion  without  any 
radial  parts — a  structural  advantage.  His  disk,  if  developed 
out'straight  would,  for  a  4-pole  machine,  be  adequately  reprc- 

'  U.S.  Patent,  331726  of  1885.  •  See  reference,  p.  351. 
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sented  by  Fig.  246,  p.  398.  The  two  sets  of  conductors 
constitute  two  layers  which  are  united  at  their  outer  ends  to 
the  bars  of  a  commutator  at  the  outer  periphery. 

The  main  difficulty  in  the  employment  of  disk-armatures 
has  been  in  the  construction  of  an  armature  of  this  sort  which 
is  mechanically  strong  and  capable  of  resisting  wear  and  tear. 
Desroziers  has  done  much  to  overcome  this  difficulty,  and 
has  produced  machines  which  are  very  widely  used  in  France 
and  her  colonies.  He  discerned  that  a  disk-armature  can  be 
separated  into  two  parts  ;  that  is  to  say,  taking  the  alternate 
radiating   conductors,  the   odd   numbers   for  example,  it  is 


«      /7 

Fig.  268.— Skeleton  Desroziers'  Winding. 

possible  to  build  them  and  their  connectors  into  a  regular 
figure  in  one  plane  without  troublesome  over-crossings,  and 
this  plane  of  conductors  can  be  superimposed  upon  a  similar 
one  built  up  of  the  other  alternate  conductors,  so  that  the  ends 
of  the  connectors  coincide  and  only  require  to  be  soldered 
together  to  form  a  complete  re-entrant  winding. 

This  will  be  understood  by  reference  to  Figs.  268,  269  and 
270.  Fig.  268  shows  six  conductors  joined  in  series  forming 
part  of  a  disk-armature  intended  for  a  6-pole  field,  the  current 
flowing  inwards  when  passing  one  pole  and  outwards  when 
passing  the  next  pole  of  opposite  sign.  In  order  to  mount  a 
number  of  these  conductors  in  series,  they  and  their  connectors 

2  £  2 
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may  betaken  in  pairs  and  half  of  them  mounted  in  the  manner 
shown  in  Fig.  269,  in  which  the  portion  Kcdht  will  be 
recognised  fropi  Fig.  268.  The  other  half  are  mounted  as  in 
Fig.  270,  where  the  portion  RVtf  AV  is  a  continuation  of  the 
series  in  Fig.  ^68.  In  each  of  these  planes  of  conductors  the 
ends  are  brought  out  to  the  points  numbered  l,  2,  3,  &t, 
up  to  32.  By  placing  these  two  disks  face  to  face,  then 
soldering  up  the  coinciding  end  and  carrying  those  on  the 
inside  to  the  bars  of  a  commutator  we  have  a  complete 
armature  winding. 


It  is  obvious  that  there  are  other  ways  of  dividing  up  the 
series  of  conductors  shown  Fig.  268  than  the  method  adopted 
in  Figs.  269  and  270.  For  instance,  all  parts  similar  to 
Rc-af,  RV'i/,  &c.,  might  be  mounted  to  form  one  plane  of 
conductors  and  the  parts  dkt,  dk'i,  &c.,  would  then  form  the 
other  plane.  In  high  voltage  machines  where  a  number  of 
turns  per  segment  are  required,  this  can  be  done  in  the  manner 
shown  in  Fig.  271,  where  the  same  letters  are  used  to  denote 
corresponding  parts. 

In  practice  there  are  two  distinct  methods  of  construction 
used  :  (l)  wire-wound  armatures  ;  and  (2)  strip-built  armatures. 
The  wire   in   the   former  is  threaded   through  holes  in  two 
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concentric  compressed  cardboard  rings  that  form  the  outer  and 
inner  supports  for  each  plane  of  conductors.  The  two  planes 
are  then  mounted  face  to  face  on  a  metal  spider,  the  arms  of 


Fig.  271. 

which,  radiating  from  the  shaft,  pass  between  the  two  layers 
of  conductors.* 

Experience  has  failed  to  justify  the  existence  of  this  type 
of  machine  :  it  has  been  superseded  commercially  by  machines 
having  the  more  mechanical  armatures  of  drum  or  ring-pattern. 


'  For  further  particulars  of  these  machines  see  Electrical  Engineer,  N.Y., 
xvi.  259. 
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CHAPTER  XIV. 

ARMATURE  CONSTRUCTION. 

Armature  construction  is  a  branch  of  mechanical  engineer- 
ing. It  involves,  however,  a  certain  knowledge  of  electrical 
principles  and  practice;  a  knowledge  of  conduction^  and 
insulation,  and  a  multitude  of  miscellaneous  items  of  in- 
formation as  to  details  which  have  been  found  useful  in  the 
development  of  the  art.  The  present  chapter  deals  chiefly 
with  these  details. 

Core-Bodies. — Armature  cores  are  always  laminated,  being 
constructed  (i)  of  disks  of  sheet  iron  or  softest  mild  steel ;  (2) 
of  iron  ribbon  ;  or  (3)  of  iron  ivire. 

Wire  cores  were  at  one  time  largely  in  vogue,  having  been 
used  by  Gramme.  The  soft  iron  wire,  varnished  or  slightly 
oxidised  on  its  surface,  was  wound  on  a  special  former,  then 
removed,  taped  externally,  and  wound  with  the  copper  wire 
conductors.  Wire  cores  have  three  disadvantages  :f(i.)  they 
are  mechanically  less  satisfactory  than  disk  cores ;  (ii.)  they 
fill  a  given  core-space  with  an  actually  less  nett  cross-section 
of  iron  owing  to  the  interstices  between  the  separate^wires, 
only  about  three-fourths  of  the  total  cross-section  being  occu- 
pied by  iron ;  and  (iii.)  they  present  a  discontinuity  radially 
which  offers  an  unnecessary  reluctance  in  the  path  of  the 
magnetic  lines.  The  substitution  of  a  square  iron  wire  for  a 
round  one,  was  an  improvement  in  all  these  respects.  -_But 
wire  cores  are  now  obsolete. 

Machines  for  stamping  and  cutting  core-disks  and  lamina- 
tions for  pole-tips,  are  described  by  E.  Schulz  in  his  Technologie 
der  Dynamo-maschinen  (1902),  pp.  301-307,  and^by]E.  K.  Scott 
in  Journ.  Inst.  Electrical  Engineers,  xxxii.  368,  1903.     Manu- 
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facturers  who  produce  dynamo  laminations,  such  as  Messrs. 

Sankey,  of  Bilston,  have  innumerable  patterns  and  furnish  disks 

of  all  sizes  with  any  prescribed  numbers  and  forms  of  slots. 

Core-Disks  are  stamped  out  of  sheet,  the  usual  thickness 

being  25  mils  (=  No.  24  B.W.G.,  or  about  No.  22  B.  and  S. 

gauge).     A  few  makers  use  thinner  core-disks,  from  15  to  18 

mils.      It   is  usual  to   insulate   the   disks  lightly  from  one 

another  by  covering  one  face  with  a  single  thickness  of  manila 

paper,  or,  in   some  cases,  by  painting  one  face  with  japan 

varnish,  or  with  a  water-glass  enamel.     The  paper  is  pasted 

by  machinery  on  the  iron  sheet  prior  to  stamping.     The  mere 

existence  of  a  film  of  oxide  is  sufficient  insulation  ^  in  the 

case  of    very  thin  laminations.       Core-disks  not  exceeding 

30  inches  in  diameter  are  usually  stamped  out  in  one  single 

piece.     Those    of    larger    diameter    are    generally  built  up 

out  of  segments.     It  is  usual  to  stamp  or  cut  the  core-disks 

at  first  with   a    smooth  periphery,  and    then  to  stamp  out 

the  slots  in  a  subsequent  operation.     So  accurately  can  the 

stamping  be  done  that  it  is  not  necessary  after  assembling 

the  core-disks,  to  mill  out  the  slots,  as  used  to  be  at  one  time 

done.     The  burr  raised  in  milling  is  disadvantageous  as  it 

tends  to  defeat  the  proper  insulation  of  the  aisks  from  one 

another.      Nor  can  they  be   turned  after   being  assembled. 

Should  the  outer  periphery  be  found,  after  assembling,  to  be 

too      irregular    it     may     be 

ground,  but    should    not   be 

turned.     Even   lightly    filing 

the    slots    may  increase    the 

iron  losses   in    the  armature 

by  1 5  to  20  per  cent. 

Sez^nental    Core-Disks, — 
_,-       7    .,  ,.  -  I'iG.  275. — Segmkntal  Core- 

The    buildmg    up  of    core-  ^,^^^  ^^Appj 

disks  in  segmental   portions 

is  to  reduce  cost.     The  cores  are  constructed,  as  shown  in 

Fig.  275,  of  pieces  which  overlap  in  successive  layers,  each 

piece  having  eye-holes  ifor    bolts,  or  else   having   dove-tail 

*  See  paper  by  E.  Schulz  in  EUctrotech,  Zeitschrift^  1893. 
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attachments.  The  bolt-holes  must  be  at  one-quarter  and  three- 
quarters  of  the  length  of  the  segment.  Frequently  the  seg- 
ments are  stamped  out  of  long  sheets,  to 
economise  material,  as  shown  iu  Fig.  276. 
Fig.  277  shows  in  Nos.  i,  2  and  4  the  stages 
of .  manufacture  of  segmental  pieces.  It  also 
illustrates  in  No.  3  one  method  of  making  a 
ventilating  core-plate,  with  raised  bosses  and 
teeth  turned  edgeways. 

Forms  of  Teeth. — The  most  usual  form  of 
tooth  is  that  shown  in  Fig.  278,  slightly 
narrower  at  the  root  than  at  the  top,  the  slots 
between  having  parallel  sides.  The  corners 
are  often  slightly  rounded.  Occasionally, 
where  several  conductors  are  placed  in  one 
slot,  the  tops  of  the  teeth  are  made  projecting 
as  in  Fig.  279 ;  this  form  having  the  advan- 
tage of  presenting  a  larger  magnetic  area  at  the  top,  and  of 
helping  to  hold  in  the  conductors  by  the  insulation  of  a  wedge 
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of  wood  or  hard  fibre.  The  same  end  is  attained  by  notching 
the  teeth  as  in  Fig.  283.  Fig.  284  depicts  a  form  with  slots 
suitable  for  the  reception  of  round  wires. 


Figs.  280,  281  and  282  show  forms  ol  slot  frequently  used 
in  alternators  and  altemate<urrent  motors,  though  seldom 
employed  for  continuous -current  machines.     Armatures  with 


Figs.  j8o,  281,  aSa.— Toothed  and  Slotted  CoRE-rLA-i 


closed  slots  like  Fig.  282  are  not  used  for  continuous  currents. 
Figs.  285  and  286  depict  forms  of  teeth  used  in  recent  machines 
by  Messrs.  Ganz  and  Co.     Fig.  287  depicts  the  core-disk  of  a 


ir 


small  American  motor  having  triangular  teeth.     This  is  con- 
structed in  two  halves  to  facilitate  winding. 
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For  many  years  English  makers,  with  some  exceptions, 
preferred  smooth  core-disks  to  toothed  forms.  But  with  the 
advent  of  former-wound  coils  the  use  of  toothed  cores  became 


Figs.  385,  286.— Forms  of  Tketii  uskd  by  Gani  akd  Co. 

universal.     Fig.  288  depicts  a  group  of  armature  cores  and 

disks  in  theshopsof  the  Westinghouse  Company  at  Pittsburg. 

The  cores  with  large  T-shaped  teeth  are  for  alternators,  whilst 

those  with  numerous  narrow  teeth  are  for  continuous  current 

armatures.     Fig.  317,  which 

gives  a  view  in  the  winding 

shop  of  Messrs.  Siemens  and 

Halske,  shows   a   group   of 

core-disks   all    intended   for 

continuous-current  dynamos 

or  motors. 

End  Core-Plates. — It  is 
usual  to  insert  at  the  ends 
of  the  core-plates  cut  from 
sheet-iron  of  a  greater  thick- 
ness so  as  to  protect  the 
thin  laminations.      A  com- 

jMoSTr"".^!  A.M.T...  thickness  is  o- 125  inch. 

OF  Motor  (Cbocker-Wheklkr).  , 

Some     makers     also    insert 
thicker  plates  at  each  face  of  any  ventilating-duct. 

Binding-wire  Channelt. — Some  makers  construct  the  core- 
body  with  shallow  channels  around  the  periphery  at  intervals 
to  receive  the  binding-wires,  that  the  latter  may  lie  more 
nearly  flnsh^with  the  surface.  To  this  end  some  of  the  core- 
disks  will  be  stamped  to  a  slightly  reduced  external  diameter, 
the  reduction  being  seldom  more  than  O'2oro'25  inch,  giving 
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a  channel  -j^j  to  J-inch  deep.  As  an  example  see  Brown's 
armature  Fig.  480. 

Insulation  of  Core-Disks  and  Core-Bodies. — This  matter  is 
discussed  in  Chapter  VIII.  pp.  194,  195. 

Motmting  of  Core'Disks. — Mechanical  arrangements  are 
required  to  hold  the  core-disks  together,  and  to  key  them 
directly  or  indirectly  to  the  driving  shaft.  In  the  case  of 
small  cores  not  exceeding  10  or  12  inches  diameter  they  may 
be  keyed  straight  upon  the  shaft.  But  in  the  case  of  lai^e 
sizes,  and  especially  for  securing  good  ventilation,  some  frame 


Fu;,  190,— Mode  of  Driving 
Coke-Disks. 


or  spider  must  be  designed  upon  which  they  are  held.  Two 
cases  present  themselves  according  as  whether  the  core-ring 
is  stamped  in  a  single  piece  or  is  built  up  of  segments. 

Fig.  289  shows  the  core-disks  are  held  together  by  bolts 
passing  through  them,  and  driven  by  a  skeleton  pulley  or 
spider  keyed  to  the  shaft.  To  this  construction  there  is  the 
objection  that  the  bolt  holes  reduce  the  effective  cross-section 
of  iron  and  strangle  the  magnetic  flux.  It  is  also  advisable  that 
the  bolts  should  be  insulated '  from  the  arms  of  the  spiders  by 
ebonite  washers  and  bushes,  otherwise   the   framework   will 
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constitute  a  closed  circuit  for  eddy -currents  wliich  will  heat 
it.  Arnold  has  given  rules  for  calculating  this  loss,  but  in 
most  cases  it  is  very  small.  A  better  mode  is  that  of  Fig.  290, 
in  which  the  section  of  the  iron  is  but  slightly  reduced  and  the 
bolts  are  entirely  internal  to  the  core.  In  this  case  the  bolts 
need  not  be  insulated  at  all,  as  in  revolving  they  do  not  cut  any 
appreciable  number  of  magnetic  lines. 

Another  mode,  introduced  by  Crompton  in  1886,  is  to 
provide  the  core-disks  with  dove-tail  notches  into  which  pass 
long  flanges  from  the  shaft.    In  another  form,  a  ribbed  sleeve. 


rl 


t'iG.  jgi. — Drivinc  COBt- 
DiSKS  BY  Key-Bolts  (Brown). 

which  slips  over  the  cylindrical  shaft,  is  driven  by  a  long- 
feather, 

Kapp's  mode  of  driving  the  core-disks  for  a  ring-armature 
is  shown  in  Fig,  291,  which  should  be  compared  with  Plates 
II.  and  III.  Over  the  sleeve  is  slipped  a  long  sleeve  pro- 
vided with  three  projecting  flanges  to  support  the  core-disks. 
This  sleeve,  keyed  by  a  long  feather  slightly  sunk  into  a  key- 
way  on  the  shaft,  helps  to  stiffen  the  shaft.  In  armatures  for  ring- 
winding,  such  internal  structures  should  be  of  brass  or  gun- 
metal  :  in  those  for  drum-winding,  they  may  be  of  cast-iron. 
The  armature  sleeve  or  hub  is,  in  this  example,  pushed   up 
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Fig.  293.— Core-Disks 
Clamped  on  a  Sleevk. 


toward  a  face-plate,  which  rests  against  a  shoulder  on  the 
shaft ;  and  the  core-disks  are  tightened  together  between  the 
two  face-plates  by  a  nut  on  the  shaft.     Figs.  292  and  294  show 

modes  of  supporting  due  to 
Brown:  Fig.  294  should  be 
compared  with  Plate  IX.  It 
is  moreover  necessary  to  com- 
press the  core-disks  tightly  to- 
gether, and  means  for  this 
must  be  provided.  Bolts  pas- 
sing through  stout  end-plates 
suffice  in  small  machines.  In 
larger  machines  it  is  usual  to 
employ  end  clamping- rings,  the 
outer  periphery  of  which  does 
not  extend  beyond  the  roots  of  the  teeth.  Some  makers 
cut  out  the  periphery  till  it  forms  a  series  of  claws.  The 
object  of  this  is  to  keep  the  mass  of  it  as  far  away  as  possible 
from  thejmagnetic  field.     For  an  example  see  Plate  XVII. 

In  Fig.  294  there  are  employed  two  spiders  each  having  4 
internal  web-spokes  and  wide  end-flanges.  Each  has  a  longi- 
tudinal feather  to  prevent  it  from  turning  upon  the  shaft. 
One  of  them  is  held  up  against  a  shoulder  on  the  shaft,  the 
other  one  is  pressed  up  by  a  large  hexagonal  nut.  Two  of 
the  webs  on  each  spider  are  ribbed  ;  the  core-disks  being 
stamped  with  notches  to  prevent  them  from  turning.  Of  the 
four  web-spokes  two  are  long  and  two  short,  so  that  the  core- 
disks  may  be  compressed  as  the  spiders  are  forced  together. 
Many  makers  now  use  similar  arrangements. 

In  Fig.  292,  which  is  more  recent,  round  steel  keys  are 
driven  into  grooves  cut  in  the  ends  of  the  spider  flanges,  and 
in  the  core- rings. 

The  usejof  stout  end-plates  drawn  together  with  screw-bolts 
to  compress^the  core-disks  is  also  illustrated  in  the  Plates  V., 
IX.,  XVI.  and  XIX. 

Fig.  295  shows  a  recent  design  by  the  Oerlikon  Co.  in 
which  the  core-rings  are  assembled  on  a  light  pulley-like 
structure  of  cast-iron.      At  the  left-hand  end  a  stout  face- 
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plate,  with  a  bracketed  extension  for  supporting  the  project- 
ing conductors,  is  tightened  up  by  screws.  The  right-hand  end 
of  the  hub  is  extended  upward  into  a  coned  flange  which 
presses  against  the  core-rings,  and  at  the  same  time  serves  as 
a  bed  to  support  the  recurving  armature  windings.  A  cast- 
iron  shield  to  protect  these  windings  is  secured  by  independent 
bolts  and  nuts. 

Other  kindred  modes  of  constructing  the  mounting  will  be 
found  in  various  drawings.  The  reader  is  referred  particularly 
to  the  details  of  Figs.  425.  442  and  445,  and  of  the  Plates. 


Fig.  194.— Brown's  Modi  of  Driving  thk  Core-Disks. 

^The  hubs  of  armature  spiders  are,  for  securing  better  fit 
to  the  shaft,  usually  cleared  out  between  their  front  and  back 
bearing  surfaces,  and  in  the  larger  sizes,  at  least,  it  is  not  un- 
common to  find  the  seating  on  the  shaft  turned  to  two 
different  sizes  to  admit  of  easier  erecting,  as  in  Fig.  296. 

For  supporting  segmentally  built  cores  more  elaborate 
arrangements  are  needed.  The  armature  spider  is  con- 
structed with  a  substantial  hub  from  which  radiate  a  number 
of  arms,  and  these  carry  a  species  of  rim  furnished  either  with 
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dovetail  projections  to  fit  into  notches  in  the  assembled  core- 
disks,  or  else  with  dovetail  grooves  into  which  fit  correspond- 
ing projections  of  the  core-disks.  In  the  latter  case  the  bolts 
which  hold  together  the  core-disks 
may  be  carried  through  these  projec- 
tions as  shown  in  Fig.  297. 

Such  a  spider  also  often  serves  to 
carry  the  bracketed  rims  which  sup- 
port the  projecting  end-parts  of  the 
windings.  They  have  the  advantage 
of  providing  ample  ventilation  for 
the  core-disks. 

Fig.  29S  shows  the  spider  of  the 
1 100  kilowatt  generator  of  the  Eng- 
lish   Electric    Manufacturing  Company,  which    is   described 
on  p.  691.     The  rim  is  here  cut  into  6  pieces  each  of  which 
has  4  dove-tail  notches.     If  the  rim  were  cast   in  one  con- 


FlC.  296.— CoNSTKUCTlON 


Fig.  297.— Armature  Sfiuer. 

tinuous  piece  trouble  might  arise  from  unequal  contraction 
of^the  casting.  Ventilating  apertures  are  provided,  and  on 
the  side  of  each  arm  are  seen  the  seatings  and  bolt-holes  for 
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attaching  the  commutator-hub  and  the  rim  which   supports 
the  windings. 

Fig.  299  shows  the  next  stage  of  construction,  namely,  the 
assembling   of  the   core   segments.      In   this   figure   and  in 


FlC.    29S.— SHiDER    OK   THK   ENGLISH    El.KCTHIC    MaNUKACTUKINO   Ci> 

Fig-  300.  which  depicts  the   completed  core,  are  visible  the 
supporting  rim  and  narrow  ventilating  ducts. 

Ventilating  Ducts.  —  Armature  cores  heat  from  three 
causes  :  hysteresis  ;  eddy  currents  ;  and  heat  derived  from  the 
copper  conductors.      The  careful   lamination  and  insulation 
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described  above  are  but  means  to  prevent  waste  of  power  and 
to  avoid  risk  of  overheating.  In  the  case  of  ring-wound 
machines   there   is   usually   an    amount   of  surface  exposed 


FlO.    300.— COHPLKTKD   CORK. 

sufficient  to'get  rid  of  the  heat  generated  in  the  conductors, 
without  resorting  4o  any  special  mode  of  ventilating.  But  in 
the  case  of  lai^;&^ndt  solidly  constructed   drum-armatures 
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some  mode  of  forcing  the  ventilation  may  be  necessary-.  For 
twenty  years  it  has  been  customary  to  malce  longitudinal 
apertures  through  core-bodies  :  but  the  practice  of  providing 
special  ducts  that  lead  the  air  between  the  core-disks  and  open 


into  the  gap  under  the  pole-pieces  is  more  recent.  Small 
ducts  arc  seen  in  the  Kapp  armature,  Plate  III.,  constructed 
in  1887,  one  of  the  earliest  examples.  In  drum-armatures 
with  the  old-fashioned  wire-winding  overlapping  the  ends, 
adequate  ventilation  is  impossible.     As  examples  of  ventilated 
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Fig.  302.— Ventilating  Devices. 


cores  the  reader  should  see 
Brown's  drum  -  armature, 
Plate  IX.,  and  several  of 
the  other  Plates. 

To  keep  the  core-disks 
apart  at  these  ducts  it  is 
necessary  to  introduce  dis- 
tance pieces  or  "  ventila- 
tors/' Fig.  302  a,  by  c,  illus- 
trate some  of  these  devices. 
Simple  pieces  of  brass  are 
riveted  radially  at  intervals 
to  a  special  core-disk  about 
0*040  or  0'o6o  inch  thick. 

This  simple  form  fails 
to  give  support  to  the  teeth, 
a  defect  which  is  obviated 
in  Fig.  302  Cy  where  behind 
each  tooth  there  is  a  strip 
of  brass  about  0*4  or  0*5 
inch  wide  set  edgewise, 
being  cast  with  or  brazed 
to  a  special  casting  of 
brass  that  is  riveted  to  a 
stout  core-disk.  This  form 
is  used  by  the  British 
Thomson-Houston  Co.  A 
simpler  device,  shown  in 
Pig-  277  (3),  p.  424,  is 
that  of  bossing  up  a  num- 
ber of  projections  in  a  core- 
disk,  and  of  bending  the 
teeth  round  through  a 
right-angle.  Modern  barrel- 
windings  have,  from  the 
ventilation  point  of  view, 
an  advantage  over  the 
older  type  of  drum-winding 
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with  end  spirals.  In  the  latter  the  arrangements  with  one  set 
of  evolute  spirals  and  one  set  of  straight  radial  pieces  (as  in 
F*S'  235,  p.  390)  are  sometimes  preferred  to  those  with  two 
sets  of  spirals  as  in  Fig.  236,  p.  391.  as  having  a  better 
fan  action.  Some  makers  use  spiders  with  arms  sloped  like  the 
sails  of  a  windmill,  so  as  to  propel  air  through  the  interior 
of  the  armature. 

Driving  Horns, — In  the  days  when  smooth-core  armatures 
were  in  vogue  it  was  requisite  to  provide  driving  horns  to 
propel  the  conductors.  An  example 
is  seen  in  Plate  II.  But  with  the 
adoption  of  toothed  cores  this  device 
has  become  obsolete,  save  in  excep- 
tional cases.   Machines  for  furnishing 

a  larjje  output  of  current  at  a  low     ^  *,     .  ^.,  r^-,,, 

^  ^  Fig.  303. — Mode  of  Driv- 

voltage  for  electrolytic  purposes  are      ^^^  round  Conductors. 
occasionally  so  constructed  to  reduce 

the  self-induction  of  the  armature  windings.  In  such  a 
machine  built  at  the  Oerlikon  works,  the  core-disks  were 
simply  notched  with  a  semicircular  notch  in  which  the  in- 
sulated conductors  were  laid.  At  the  ends  a  strong  German- 
silver  core-disk  pierced  with  holes,  held  the  conductors  from 
flying  out. 

Binding  Wires. — In  the  case  of  smooth  cores  the  conductors 
must  be  secured  in  their  places  by  a  number  of  external 
bands,  known  as  binding  wires.  In  the  case  of  toothed  core- 
disks  the  conductors  may  be  held  in  by  luedges  driven  in  under 
the  tops  of  the  teeth  ;  or  in  the  case  of  straight  teeth  binding 
wires  may  be  used  instead  of  wedges.  Binding  wires  must  be 
strong  enough  to  resist  the  centrifugal  forces,  and  yet  at  the 
same  time  must  occupy  very  little  radial  depth  that  they  may 
not  interfere  with  the  clearance  between  the  armature  and  the 
pole-faces.  The  almost  invariable  practice  is  to  employ  a 
tinned  wire,  of  hard-drawn  brass,  phosphor-bronze,  or  steel, 
which,  after  winding,  can  be  sweated  together  with  solder  into 
a  continuous  band.  Mr.  Wall,  of  Sheffield,  manufactures  a 
special  "  plated  steel  "  wire  for  binding,  in  sizes  of  18,  22,  28, 
36,  48  and  56  mils  diameter  respectively.     Phosphor-bronze 
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will  withstand  a  tensile  stress  of  from  65,000  to  1 20,000  lb. 
per  square  inch.  Steel  varies  from  125,000  to  230,000  lb.  per 
square  inch. 

Some  makers  bind  the  conductors  over  their  projecting 
end-portions  only  with  broad  bands  of  delta-metal,  or  with 
belts  of  wires  sweated  together  throughout  their  whole  length, 
but  secure  the  wires  in  the  slots  either  by  wedges,  or  by 
narrow  belts  of  wires,  soldered  only  to  secure  their  ends. 

To  estimate  the  proper  size  and  number  of  binding  wires 
required  we  may  remember  that  on  a  pound  of  material  at  a 
given  radius,  revolving  at  a  given  speed,  the  centrifugal 
force  will  be  that  given  by  the  formula  on  p.  468.  Or  if  d  be 
the  diameter  in  inches,  and  n  the  revolutions  per  second, 
the  centrifugal  force  per  pound  of  matter  will  be  =  0'0I2  dn^ 
pounds'  weight. 

Suppose  we  know  the  mass  w^  (in  pounds)  of  one  conductor, 
multiplying  this  by  the  total  number  of  conductors  Z,  we  get  the 
total  mass  of  armature  conductors,  and  dividing  by  ir  we  find 
the  mass  that  will  be  effectively  projected  in  any  one  direction. 
Putting  this  into  the  formula,  and  dividing  by  2,  we  find  the 
total  tensile  force  to  be  borne  by  the  binding  wires  at  one  side  ; 
and  dividing  again  by  the  maximum  tensile  stress  which  the 
material  can  stand,  we  obtain  the  net  theoretical  total  cross 
section  of  the  whole  of  the  binding  wires.  Taking  a  factor  of 
safety  of  10,  and  a  value  of  100,000  lb.  per  square  inch  as  the 
tensile  stress  for  steel  or  for  phosphor-bronze,  we  get  total 
necessary  section  of  binding  wires  in  square  inches 

_  w^  X  Z  X  0'i02  X  d"  X  ti^  X  10 . 

~  2  X  TT  X  100,000  ' 

_  1^*623  X  Wi  X  Z  X  d"  X  n^ 
1,000,000 

From  this  total  necessary  section,  and  the  appropriate  wire- 
gauge,  the  number  of  wires  is  then  calculated,  and  they  are 
then  arranged  in  suitable  belts. 

Example. — w^  =  0*39  lb. ;  Z  =  1536 ;  d  =  62";  //  =  2*5  revs, 
per  sec;    total  necessary  section  works  out  to  0*386  square  inch. 
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Referring  to  wire-gauge  tables  we  find  a  No.  17  S.W.G.  of  diameter 
56  mils,  has  a  cross-section  of  o  •  00246  square  inch.  Dividing  o  •  386- 
by  0*60246  we  find  that  156  wires  are  needed.  These  may  be 
arranged  as  follows,  5  belts  of  16  wires  each  over  the  core-body,  and 
4  belts  of  19  wires  each  over  the  extended  ends  of  the  winding,  />• 
3  belts  of  19  wires  each  over  each  end. 

Under  each  belt  of  binding  wires  a  band  of  insulation  is 
laid.  This  usually  consists  of  two  layers,  first  a  thin  strip  of 
thin  vulcanized  fibre  or  of  hard  red  varnished  paper,  slightly- 
wider  than  the  belt  of  wires,  and  then  a  strip  of  mica  (in  short 
pieces)  of  about  equal  width.  Some  makers  lay  a  small  strap- 
of  thin  brass  under  each  belt  of  binding  wires,  having  tags 
which  can  be  turned  over,  and  soldered  down,  to  secure  the 
two  ends  of  the  binding  wire  from  flying  out. 

Below  are  given  particulars  of  the  bindings  adopted  for 
smooth-core  armatures  of  the  Edison  bipolar  dynamos. 


Output  of  dynamo  in  kilowatts 

1 
.  i       I 

10 

30 

50 

150 

Revolutions  per  minute 

2100 

1600 

1200 

700 

450 

Length  of  armature  body  (inches)  . 

,         64 

12 

18 

24J 

26i 

Diameter  of  armature  body    . 

i      3i 

61 

9A 

12H 

23i 

No.  of  binding  bands  on  body 

6 

7 

9 

n 

7 

No.  of  strands  in  each  band  . 

22 

19 

21 

18 

24 

Gauge  of  brass  binding- wire  (B.W.G.) 

25 

23 

21 

19 

19 

Width  of  mica  underlay  o'oi  inch  thick 

1 

I 

I 

li 

li 

Number    of   clamps    (of   copper   sheet 
14  mils  thick  and  ^  to  J-inch   wide 
on  each  band 

1 

) 

2 

3 

4 

4 

6 

1 

Wedges. — In  the  cases  where  wedges  are  driven  in< 
between  the  teeth  to  hold  the  conductors  from  flying  out,  the 
usual  material  is  well-baked  hard  wood,  such  as  hornbeam,. 
or  hard  white  "vulcanized  fibre."  A  modern  method  is  to 
use  a  springy  strip  of  German  silver,  or  of  the  new  alloy 
"  magnalium." 

Conductors. — Copper  conductors  may  be  considered  under 
the  headings  of  round,  rectangular,  and  stranded.  Round  wires 
are  usual  in  small  armatures  and  in  armatures  of  very  high 
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voltage.  But  with  them  the  space-factor  is  always  low,  and 
wires  of  rectangular  section  are  always  preferable.  Rectangular 
conductors  made  of  drawn  copper  strip  are  now  furnished  by 
the  wire-drawers  in  many  different  sizes  and  sections  ;  the  dis- 
advantage of  them  is  their  lack  of  flexibility.  Laminated  con- 
ductors, made  of  a  number  of  thin  strips  laid  upon  one  another 
to  the  requisite  total  section  and  taped  together,  have  an  ad- 
vantage in  this  respect.  Stranded  conductors  are  seldom  used 
except  for  smooth-core  armatures,  the  object  of  stranding  being 
to  eliminate  eddy-currents  in  the  copper.     See  p.  i6o. 

Armature  Windings. — Given  a  scheme  of  winding  accord- 
ing to  any  of  the  modes  discussed  in  the  preceding  chapter, 
the  problem  remains  how  to  carry  it  out  in  the  factory. 

A  broad  distinction  may  be  set  up  between  wire-wound 
armatures  and  bar-wound  armatures,  the  latter  term  denoting 
a  construction  built  up  of  copper  bars  or  of  specially  shaped 
rods  that  are  joined  together  instead  of  being  wound  on. 
Wire-wound  armatures  are  subdivided  into  the  classes  olliand- 
tvound  dind  forme r-wound.  As  a  rule  bar-windings  are  more 
mechanical  than  others.  It  is  partly  for  this  reason  that  series- 
groupings  and  series-parallel  groupings  (p.  369)  are  often 
preferred  in  multipolar  machines.  Single  round  wire  insulated 
with  double  cotton  covering,  wound  on  dry,  and  afterwards 
soaked  with  "  Sterling  varnish,"  is  usually  adopted  for  hand 
winding  in  small  machines*  and  for  arc-lighting  machines. 
Silk-covered  wire  is  practically  never  used.  In  small  electro- 
plating dynamos  it  is  frequent  to  find  a  hand-winding  of 
several  small  wires  in  parallel,  even  to  as  many  as  twenty 
or  thirty  separate  wires  side  by  side  serving  as  a  single 
conductor. 

Bar- Windings, — For  bar-armatures,  rectangular  bars  set 
edgewise  in  slots  are  almost  universal.  Round  bars  are  very 
rarely  found  in  continuous-current  machines.  Smooth-core 
armatures  do  not  lend  themselves  to  bar-winding,  because  solid 
copper  bars  set  on  the  outside  of  a  smooth  core  are  liable  to  a 
serious  waste  of  energy  that  does  not  occur  in  small-wire  wind- 
ings. When  the  conductors  present  any  considerable  breadth, 
there  is  a  tendency  to  set  up  eddy-currents  in  them  as  they  enter 
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or  leave  the  magnetic  field,  owing  to  the  fact  that  one  edge  of 
the  bar  may  be  passing  through  a  field  the  density  of  which  is 
very  different  from  that  of  the  field  through  which  the  other 
edge  is  passing.  For  example,  if  the  surface  speed  is  3000 
feet  per  minute,  and  the  bars  are  \  inch  wide,  it  may  be  that 
the  front  edge  may  be  in  a  field  of  density,  say,  of  40,000  lines 
per  square  inch,  while  the  other  edge  is  one  of  30,000  only. 
If  the  active  length  of  the  conductor  is,  say,  1 2  inches,  then  its 
front  edge  will  be  cutting  magnetic  lines  at  the  rate  of 
288,000,000  lines  per  second,  and  therefore  the  induction  in 
that  edge  will  be  2  •  88  volts  ;  while  in  the  hind  edge  the  corre- 
sponding induction  will  be  only  2 '16  volts.  The  difference, 
or  0-72  volts,  will  tend  to  set  up  an  eddy  current  flowing  up 
one  edge  and  down  the  other  edge  of  the  bar.  Suppose  the 
bar  to  be  \  inch  thick  :  if  for  the  purpose  of  argument  it  is 
regarded  as  equivalent  to  two  parallel  bars  \  thick  and  \  wide 
united  at  the  ends,  the  resistance  round  thts  elongated  loop 
will  be  that  of  a  rod  of  copper  24  inches  long  and  of  0*25  x 
0*125  square  inches  of  cross-section.  At  60°  C  this  resistance 
will  be  only  o "  000607  ohm ; 
and  an  electromotive-force 
of  0*72  volts  would  set  up 
a  current  of  1 186  amperes ! 
But  as  the  electromotive- 
force  is  0*72  between  the 
extreme  edges  only  and  has 
lesser  values  towards   the 

middle   of  the   width,  the 

,  ,  ,    ,  Fig.  304. — Unequal  Induction  in 

eddy-current  up  and  down  ^^^^^^  op  f^at  Bar. 

the  strip  will  be  less  than 

this.  Even  if  one  takes  a  twentieth  part  of  the  value  so  found 
as  being  more  probable  it  is  serious  enough  from  the  heating  and 
waste  of  power  that  it'  entails  :  for  at  no-load  there  would  be 
this  waste  in  each  conductor  as  it  approached  and  left  each 
pole.  At  full-load  there  might  be  no  actual  eddy-current. 
For  if  the  full-load  current  through  the  conductor  were  1 50 
amperes,  then  superposing  upon  this  an  eddy-current  of  59 
amperes  in  the  two  halves  of  the  conductor  (as  in  Fig.  305^ 
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the  result  would  be  that  in  one  half  of  it  the  current  would  be 
75  +  59  =  134  amperes,  and  in  the  other  half  75  —  59  =  16 
amperes.  The  1 50  amperes  no  longer  distribute  themselves 
equally  through  the  breadth  of  the  strip ;  and  the  total  heating 
of  the  strip  would  be  precisely  the  same  as  if  the  eddy-current 


ISO 
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ISO 


Fig.  305.— Eddy-Current  in  Wide  Bar. 

were  really  there.  At  the  peripheral  speeds  actually  used,  it 
is  found  impossible  by  any  shaping  of  the  pole  corners  to  avoid 
excessive  heating  of  solid  copper  bars  on  a  smooth  core  if 
their  width  exceeds  0*2  inch. 

In  sunk  windings  these  losses  practically  do  not  occur,, 
unless  the  slots  are  very  narrow  and  deep  so  that  there  is  a 
magnetic  leakage  across  the  slot  from  tooth  to  tooth.  In  the 
case  of  a  conductor  being  made  up  of  several  wires  in  parallel, 
the  separate  wires  must  not  lie  in  different  slots,  for  reasons 
similar  to  those  already  discussed. 

To  eliminate  such  eddy-current  losses  Crompton*  pro- 
posed several  methods  of  twisting  or  imbricating  around  one 
another  two  or  more  strips,  so  as  more  effectually  to  neutralise 
the  eddy-currents.  He  introduced  the  use  of  bars  made  of 
stranded  wire  compressed  into  a  rectangular  form,  each  wire 
being  oxidized  or  lightly  insulated. 


Drum-Windings. 

There  are  several  varieties  of  drum-winding,  viz.  (i)  hand- 
winding  ;  (2)  evolute-winding  ;  (3)  barrel-winding  ;  (4)  bastard 
drum-winding  ;  (5)  former- winding. 

Drum-winding  was  invented  in  1872  by  Von  Hefner 
Alteneck,  of  the  firm  of  Siemens  and  Halske.  The  process 
of  constructing  the  armature  down  to  the  year  1885,  is 
illustrated  in  Fig.  306 ;  there  being  two  layers  of  coils,  hand- 
wound,  all  over  the  cylindrical  core.     Although  for  the  sake 

*  See  Journ.  Ittstif.  Electr.  Engineers y  xix.  240,  1890. 
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of  rendering  the  connexions  more  intelligible,  the  commutator 
is  shown  in  Fig.  306  in  its  place  on  the  shaft,  it  is  not,  as  a 
matter  of  fact  put  into  its  place  until  after  all  the  sections 
have  been  wound,  the  ends  of  the  wires  being  temporarily 
twisted  together  until  all  can  be  soldered  to  the  risers.  The 
cores  of  these  early  machines  were  of  wood  overspun  circum- 
ferentially  with  iron  wire  before  receiving  the  longitudinal 
copper  windings. 


Fir..  306.— Method  of  Winding  Siemens'  Aimatube. 

So  far  all  is  simple :  but  when  one  passes  to  the  construc- 
tion of  bar-armatures,  complications  arise.  To  connect  the 
bars  across  the  ends  of  a  drum  is  not  so  simple  a  matter  as 
might  at  first  appear.  Suppose  that  a  scheme  of  connexions 
has  all  been  worked  out  beforehand,  and  that  a  winding-table 
has  been  prepared  in  which  the  order  of  the  end-connexions 
is  set  down.  It  yet  remains  to  determine  the  mechanical 
devices  for  the  end-connectors  which  shall  be  compatible  with 
working  conditions.  The  end-connectors  must  be  good  con- 
ductors, sufficiently  well  insulated  from  one  another,  allowing 
of  repairs  and  ventilation,  and  mechanically  sound.  Hand- 
wound^drums  present  an  ugly  overlapping  at  the  ends,  which 
stops  ventilation  and  hinders  repairs ;  and  the  outer  layers 
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overlie  those  tliat  have  been  first  wound  on,  producing  dis- 
symmetry, and  bring  into  near  neighbourhood  conductors  at 
ver\'  different  potentials. 

Evolutc   Witiditig. — Quite  early,  Messrs.  Siemens  devised, 
for   their  electroplating   machines,  a  system   of  uniting   by 
spiral   connectors    (Fig.    307)   the 
ends  of  the  copper  bars.     To  con- 
nect any  bar  with  that  lying  next 
to  the  one  diametrically  opposite, 
two  evolute  spiral  strips  of  copper 
were  applied,  one  bending  inwardly 
the  other  outwardly,  their  junction 
being    mechanically  secured    to  a 
block  of  wood  on  the  shaft.    Their 
outer  ends  were    attached    to  the 
bars  by  silver  solder.     At  each  end 
of  the  drum  these  spiral  connectors 
constituted     two    separate   layers.     Thus  began  the  system 
of  evobtte-winding  which,  with  more  or  less  modification,  was 
the  accepted  form  of  drum  armature  down  to  about   1894, 
and  is  still  largely  used.     A  common  form  of  conductor  cut 


\J 


"^C^ 


from  sheet  copper  is  illustrated  in  Fig.  308  ;  a  second  iorm  is 
made  of  strip  folded.  It  is  usual  in  large  machines  to'anchor 
the  middle  part  of  each  evolute  to  a  hub  of  wood,  or  to  at) 
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(insulated)  clamping  device,  built  up  like  a  commutator, 
and  sometimes  called  a  "  false  commutator,"  See  forexample 
the  Ocrlikon  machine,  Fig.  450,  and  the  Kolben  armature, 
Plate  XVII. 

Edison's   modificatton  of   the    drum-armature  was   con- 
structed of  solid  bars  of  copper ;  their  ends  being  connected 
across  by  washers  or   disks  of  copper,   insulated   from  each 
other,  and  having  projecting 
lugs,    to   which     the    copper 
bars  were  attached.   The  con- 
struction   was     mechanically 
excellent,    but     it     did     not 
admit  of  ventilation  ;  and  the 
stray  field  at  the  ends  of  the 
armature  set  up  eddy-currents 
in  the  substance  of  the  copper 
disks.     It  was  therefore  aban-  ''"■■■  ■J'^- 

doned. 

In  evolute-winding.  as  the  spiral  connectors  lie  in    two 
planes  one   behind  the  other  at  the  ends  of  the  drum,  it  is 


necessary  that  'the  conductors  which  lie  in  the  slots  should 
project  to   different    distances     beyond    the    core-body,   the 
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shorter  ones  being  joined  to  the  inner  range  of  evolutes,  the 
longer  ones  to  the  outer  range.  For  this  purpose  it  is  con- 
venient to  arrange  the  conductors  two  in  a  slot,  and  these  are 
usually  side  by  side  as  in  Fig.  309  ;  one  short  and  one  long 


Fig.  311. — Element  of  Lap-winding  formed  from  Strip. 
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conductor  being  set  side  by  side.  This  is  also  seen  in  the 
finished  armature,  Fig.  310,  of  the  Oerlikon  Company.  It 
can  be  used  for  either  lap-windings  or  wave-windings. 

Barrel-Winding, — About   1892   Mr.  C.  E.  L.  Brown  de- 
vised the  plan  of  arranging  the  conductors  in  two  layers,  so 

that  their  ends  instead  of  being  turned 
down  in  evolutes,  arc  carried  out  in  the 
cylindrical  surface  and  bent  to  meet 
obliquely  in  two  overlapping  layers. 
This  plan,  known  as  barrel-windings 
or  in  German  as  Mantel-wickelung^ 
has  been  very  widely  adopted.  It 
has  the  disadvantage  of  making  the 
gross  length  of  the  armature  somewhat  greater  ;  but  on  the 
other  hand  it  lends  itself  admirably  to  ventilation,  and 
furnishes  a  larger  cooling  surface.  It  is  usual  to  furnish  the 
armature  body  with  ventilated  projecting  brackets  at  the 
ends  to  support  the  windings.  A  very  simple  method  of 
constructing  such  windings  is  to  take  a  long  strip  of  copper 
of  the  desired  section,  and  to  bend  it  into  the  form  shown  in 
Fig.  311  A,  which  is  then  opened  out  and  bent  to  form  a 
single  turn  of  a  lap-winding,  the  portion  a  b  destined  to  be  an 
upper  conductor,    the   portion   de  z.   lower  conductor  ;   the 


Fig.  312. 
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conductors  being  arranged  two  in  a  slot,  one  above  the 
other,  as  shown  in  Fig.  312,  For  lap-winding  the  ends 
xy  are  bent  towards  one  another  to  be  joined  to  the  ends 
of  the  next  laps  respectively,  as  shown 
in  Fig.  313.  To  adapt  the  plan  to  a 
wave-winding  the  ends  will  be  bent 
outwards  (as  in  Fig.  219,  p.  364)* 
and  as  in  Fig.  314,  which  shows  the 
upper  and  under  conductors  formed 
of  two  separate  parts.  Plate  IX. 
gives  a  scale-drawing  of  a  large 
drum  by  Brown,  with  such  a  wind- 
ing, and  Fig.  316  gives  a  view  of  the 
complete  armature.  It  shows  also 
how  the  binding  wires  are  disposed 
over  the  core-body  and  over  the  pro_ 
jecting  ends  of  the  winding.  It  is 
easy  to   tell   at  a  glance  whether   a 

barrel-wound  armature  is  lap-wound  or  drum-wound,  since  the 
upper  layer  of  oblique  ends  bends  differently  in  the  two  cases, 


k. 


Fig.  314  —Element  of  Wave-Winding  formed  of  Two  Strips. 


^s  shown  in  Fig.  316.     Compare  the  Allgemeine  Company's 

armature,  Fig.  38,  p.  56.     Fig.  317  is  a  view  in  the  armature 

I.  2  G 
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winding  shop  of  Messrs.  Siemens  and   Halske,  showing  how 
the  previously  formed  coils  are  placed  in  the  slots. 


'F[c.  315.— Barrel- 


The  reader  should  here  examine  the  armature  construction 
■  of  the  various  plates.     A  barrel-winding  having  but  one  layer 


of  conductors   was   patented  by   Hon.   C.  H.  Parsons,  and 
independently  devised  by  Mr.  White  for  Clark,  Muirhcad  and 

,  Company. 
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Bastard-Winding. — If  a  winding  instead  of  being  carried 
inward  toward  the  shaft  in  evolutes,  or  elongated  cylindrically, 
is  bent  partly  inward  and  partly  cylindrically  it  is  called  a 
bastard-winding.     It  lias  the  effect  of  being  somewhat  shorter 


than  the  pure  barrel-winding.  It  requires  special  formers  for 
bending  the  conductors.  Some  makers  construct  their  arma- 
tures with  a  barrel- winding  at  the  commutator  end  and  an 
evoluto  or  bastard -winding  at  the  other.     Some  of  the  West- 
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inghouse  armatures  (Figs.  31S,  319)  show  this  feature.  The 
copper  conductors  are  bent  to  shape  on  cast-iron  formers. 
A  barrel-winding  is  advisable  at  the  commutator  end  because 
it  affords  room  for  better  ventilation. 


fJG.  319.— Akmature  I'F  150  KiLinv.viT  DvNAMO  (Westinghi.use). 

Wire-wound  Dnims. — So  far  these  windings  have  been 
described  as  though  carried  6ut  by  bars  connected  together, 
but  both  evolute- winding  and  barrel-winding  can  be  carried 
out  with  wire  wound  on  by  hand,  for  armatures  that  are  not 
to  carry  very  large  currents.     Sometimes  the  shaping  of  the 


coils  is  done  during  the  winding,  the  wires  being  drawn  into 
half-closed  slots,  and  afterwards  bent  into  the  required  evolute 
form  at  the  ends.  Cases  occur  where  small  currents  arc 
wanted   at  high  voltages,  and  more  tban  two  layers  of  con- 
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ductors  become  advantageous.  Fig.  320  shows  an  armature 
by  Alioth  of  Basel  with  four  layers  of  evolutes  at  the  ends, 
though  the  core  is  smooth,  and  the  conductors  all  in  one 
layer  outside  it.  With  this  may  be  compared  Fig,  320,  which 
is  an  armature  designed  by  Fynn,  having  six  layers  of  con- 
ductors in  the  slots,  and  a  treble-deep  barrel-winding.  Fynn 
has  given  special  attention  to  windings  of  this  class  in  several 
layers,  with  a  view  to  distributing  them  so  as  to  avoid  harmful 
induction  in  the  loops.     Barrel-windings  with  several   layers 


Fig.  311,— Fvnn's  BahrkU'Woi'nd  Armature. 

of  conductors  are  also  to  be  noted  in  the  Brown  double- 
current  generator  Fig.  423,  p.  661  ;  and  in  the  Oerlikon 
dynamo  Fig.  421,  p.  658. 

Former-ivound  Drum-Windings, —  The  disadvantage  of 
early  hand-wound  drums  in  having  the  winding  necessarily 
unsymmetrical  led  to  varieties  of  winding  that  could  be  sepa- 
rately wound  on  formers  in  the  shop  and  subsequently  fitted 
into  their  places  on  the  core-body.  The  individual  "sec- 
tions" of  the  winding  are  first  wound  or  shaped  upon  a 
frame  or  former,  the  wire  being  dry  cotton-covered  to  begin 
with,  and  each  such  section  is  again  separately  insulated, 
usually  by  winding  with  dry  tape,  baking,  varnishing,  and 
baking  again.     The   tape  is  generally  half-japped  to  avoid 
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undue  thickening.     The  earliest  of  such  plans  appears  to  be 
that  of  Alioth,  whose  German  patent  dates  from  March  1885. 
Eickemeyer's     method    of    former-winding^   which    was 


Fig.  322.— -Eickemeyer  Former  and  Former-wound  Coil. 

largely  used  in  the  States,  and  also  in  England  by  Mr,  Parker, 
is  illustrated  by  Fig.  322,  which  shows  one  of  the  formers  for 
use  in  the  winding-shop,  and  by  Fig.  323,  which  shows  the  coil 


Fig.  323.— -Eickemkyer  Former- wound  Con,  Bent-up. 

wound  upon  it ;  in  this  instance  a  coil  of  four  turns,  adapted 
for  a  smooth-core  4-pole  drum. 

One  peculiarity  of  the  Eickemeyer  coils  is  that  their  two 
halves  are  of  unequal  dimensions.     The  part  marked  a  by  which 


*  See  English  patent  Specification,  No.  2246  of  18SS. 
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corresponds  to  an  "  upper  "  conductor,  is  longer  than  the  part 
de,  which  will  constitute  a  "  lower  "  conductor,  the  portions  rfc 


— ElCKKMEVER   AKMATUR) 


and  e/act  as  parts  of  an  inner  layer  of  evolutes,  and  the 
portions  af  and  ^  c  as  parts  of  an  outer  layer  of  evolutes. 


Figs.  325.  326.— Eickemeybr  Coils 


Another  mode  of  winding  Eickemeyer  coils  is  to  fix  six 
pegs  in  a  strong  board,  and  wind  the  required  number  of  turns 
of  cotton-covered  wire  round  them,  as  shown  in  Fig.  325.     The 
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coils  are  then  over- wound  with  dry  tape  and  after  removarfronii 
the  board  are  opened  out  to  their  final  form,  and  impregnated 
with  varnish. 


Fig.  327, — ** Straight-out"  Former-wound  Coil. 

What  the  Eickemeyer  coil  accomplishes  for  the  evolute- 
winding  can  be  accomplished  for  the  barrel-winding  by  use  of 
"  straight-out "  former  coils.  There  are  several  ways  of  making 
these.     A  former  is  prepared  of  pegs  in  a  block,  two  at  the 


Fig.  328.— Straight-out  Coil  Opened  Out. 


ends  being  fixed  horizontally,  as  shown  in  Fig.  327  ;  while  four 
vertical  pegs  are  arranged  in  two  pairs.  Around  these  a  long 
narrow  coil  is  wound  to  the  required  number  of  turns,  and 
taped.     After  taping  it  is  opened  out  as  shown.     This   coil 
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differs  from  the  Eickemeyer  coils  in  that  the  two  halves  are 
of  equal  size  ab  and  de,  the  parts  which  act  respectively  as 
upper  and  under  conductor  being  of  equal  length.  The  coil 
as  shown  is  suitable  for  a  wave-winding.  A  still  simpler  plan 
to  wind  the  straight-out  coil  is  to  employ  merely  two  pegs  as 


■  3*9- — Straicht- 


•1  I*"'g-  329  ;  but  this  plan  gives  more  trouble  in  the  subsequent 
opening  out. 

Pictures  of  the  various  kinds  of  formers  used  in  the  shops 
are  given  by  Fischer- Hinnen,*  by  Arnold,*  and  by  Davies* 
but  it  is  difficult  to  convey  the  real  meaning  of  the  parts  by 


pictures.  An  experienced  foreman  winder  will  be  able  to 
design  his  own  formers  as  need  arises.  Figs.  330  to  333  give 
sketches  of  former-wound  armatures  of  the  three  chief 
species. 

Formers    may  also   be    used    for    moulding    the    .shapes 
of  single  conductors  for  bar-wound  armatures.     An  example 

'   CnHliHUOUi  Current  Dynamm,  T.ondO[i,  1899,  30I. 
-  Dit  Atikennickeiuni^eu,  Berlin,  1899,  313-333. 
'  Eleclrka/  Engifiter,  May  1902. 
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of  formed   bars   is  given  in  the  Kolbeii    lopole    machine, 
Plate  XVII. 

^'S^  333  ^o  335  depict  a  small  armature  of  the  British 
Thomson- Ho  us  ton   Co.    Fig.  333  shows  the  assembled  core- 


Kk;.  333. — AltMATClKX  Cork  Unwounii  i,Urili?>h  I 'tiomson- Houston  Co.), 

body  with  two  ventilation  ducts,  and  having  flanges  to  support 
the  end  parts  of  the  barrel  winding.  The  former-wound  coils 
resembling  Fig.  313  are   in   Fig,  334  partially  laid  in  their 


Fir,.  334.— Aematube  Partiallv  Wound  (British  Thomson- Houston  Co.). 

places.     Fig.  335  shows  the  completed  armature  with  binding 
T-vires  and  commutator. 

Calculations  of  the  lengths  of  copper  required  for  evolute, 
iind  for  straight-out  windings,  have  been  given  by  G.  Simmonds 
in  the  Electrical  World  for  March  3,  1900,  and  by  J,  Dalemont 


460  Dynamo- Eleclric  Machinery. 

in  the  Bulletin  of  the  Institut  MotiUfiore,  ii.  428,  1902. 
Hobart  has  described  a  combination  method  in  Traction  and 
Transmission,  v.  239,  1902.  As  a  rule  the  barrel-winding 
requires  less  copper  than  the  evolute-winding.  For  large 
armatures  it  is  an  approximate  rule  that  the  over-all  length  of 
a  barrel-winding  is  equal  to  the  axial  length  of  the  core-body 
plus  a  length  equal  to  the  pole-pitch. 

Fig-  336   depicts   a  wave-wound   drum    armature  of  the 
Allgemeine  Co.  having  former-wound  coils. 


f""-  335.— Akmaiure  Finished  (Biiiiih'lhum-oii-Hjustuii  Co.). 

Evolute  Connectors  used  as  Equalizers. — The  Oerlikon  Co. 
has  introduced  a  method  of  connexion  which  serves  at  the 
same  time  for  equalizing  without  the  complication  of  the 
equalizer  rings  described  on  p.  412,  Assume  that  a  barrel- 
winding  is  to  be  Joined  to  a  commutator  by  means  of  risers 
or  radial  connectors.  Then,  instead  of  putting  for  this  purpose 
a  single  radial  strip  to  join  some  point  on  the  winding  down 
to  the  commutator  segment  opposite  to  it,  let  a  forked  strip  bt- 
applied,  resembling  Fig.  308,  but  inverted.  Its  upper  end  is 
united  to  the  winding,  but  the  two  lower  ends  of  the  fork  are 
joined  to  ti-.'o  segments  at  a  distance  apart  equal  to  twice 
the  pole-pitcli,  and  which  therefore  arc  at  equal  potentials. 
There  will  thus  result  tivg  layers  of  risers  one  behind  the  other 
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as  evolute  spirals,  and  each  segment  of  the  commutator  will 
be  joined  to  tzvo  points  on  the  winding.  An  example  of  a 
machine  so  constructed  is  depicted  in  Fig.  421,  p.  658.  A 
similar  device  may  be  applied  to  an  armature  wound  with 
evolute  connexions.     To  do  this  there  is  provided  a  set  of 


Fig.  336. — Dkum. Armature  of  Allgkmeinf:  Co. 

WITH  KOBMER-WOlNDCOrr-S. 

independent  evolutes  united  at  their  outer  end  to  the  winding, 
and  which  spiral  round  the  armature  to  make  contact  at  a 
segment  distant  by  twice  the  pole-pitch  from  the  segment 
which  is  joined  to  the  ordinary  junction  of  the  evolute  con- 
nectors. There  will  therefore  be  three  layers  of  evolutes  at 
the  commutator  end  of  the  armature.  This  is  shown  in 
Fig.  450.  p.  7 » 3- 
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Ring-Windings. 

Ring-windings  may  likewise  be  classified  according  to 
whether  they  are  wire-wound  or  bar-wound.  When  a  smooth 
ring-core  is  to  be  wound  it  is  frequent  to  stencil  upon  the  end 
faces  a  number  of  radial  lines  corresponding  in  breadth  to  the 
separate  sections,  .so  as  to  guide  the  winder  in  his  work. 
With  toothed  cores  no  such  plan  is  needed. 

Ring-winding  is,  in  general,  easy  ;  nevertheless  care  must 
be  exercised.  The  separate  "  sections  "  of  the  coil  are  almost 
invariably  wound  on  the  cores  separately,  leaving  the  ends 
projecting,  secured  temporarily  with  a  string,  and  these  ends 


are  subsequently  connected  together  and  to  the  commutator- 
An  inexperienced  workman  may  easily  connect  up  wrongly  ; 
making  a  left-handed  winding  instead  of  a  right-handed  one, 
or  vice  versA.  Hence  it  is  well  to  provide  him  with  some  such 
working  drawing  as  Hg.  337,  which  relates  to  a  right-handed 
winding  having  four  turns  in  each  section.  The  wire  marked 
"0  "  is  the  last  or  outer  end  of  the  section  previous  to  that 
considered.  This  end  will  eventually  be  brought  down  to  a 
bar  a  of  the  commutator,  and  from  this  bar  will  go  out  the 
beginning  or  ieft-bottom  end,  marked  L  B,  of  the  section  in 
question.  Looking  at  this  diagram  the  winder  will  see  that 
the  wire  LB  must  pass  under   the  core  to  the  far  end  and. 


Aniiatnre  Construction.  463 

then  return  over  the  top,  thus  making  turn  No.  i.  It  will 
then  bend  down  to  the  right,  be  threaded  through  again,  and 
make  turn  No.  2  ;  again,  and  make  turn  No.  3  ;  but  as  the 
inner  space  is  narrower  than  the  outer  space,  turn  No.  4  will 
probably  have  to  ride  on,  or  partly  bed  between,  the  turns 
already  wound.  The  right-top  end,  marked  R  T,  will 
eventually  be  joined  to  bar  b  of  the  commutator.  If  the 
winder  is  shown  that  the  right-top  wire  of  one  section  joins 


E^ 
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Fic.  339.— Windings  w  Cr.impion's  .\RM.\TrRKS  (:886). 

the  left-bottom  turn  of  the  ne.vt  section  of  the  commutator, 
he  will  have  no  excuse  for  mistakes.  One  way  of  arranging 
the  windings  on  a  ring,  with  two  layers  internally  and  one 
externally,  is  shown  in  Fig.  338, 

For  arc-lighting  armatures,  and  in  general  those  which 
have  numerous  convolution.s  of  wire  to  each  .section,  it  is  con- 
venient to  prepare  the  wire  in  separate 
lengths  sufficient  for  each  section,  and  to  coil 
each  length  on  small  shuttles,  each  length 
being  wound  upon  two  shuttles,  which  are 
alternately  used  for  successive  layers.  By 
this  device  both  ends  of  the  H-irc  that  con- 
stitutes a  section  are  brought  to  the  outside 
instead  of  one  of  them  leading  directly  doivn  ''  "^'  ^'^■ 

to  the  bottom  layer,  as  in  ordinary  bobbin  winding. 

For  those  machines  that  only  require  one,  or  two,  complete 
turns  to  each  section,  it  is  common  to  have  the  copper  con- 
ductors prepared  beforehand  upon  separate  formers,  and 
readj-  taped  to  be  slipped  on  over  the  cores.  Crompton 
introduced  the  forms  illustrated  in  Fig.  339.  consisting  of 
drawn  copper  of  nearly  rectangular  section  twisted  at  the  end.s 
so  as  to  pack  closely  in  the  interior  of  the  ring.     These  con- 
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■ductors  are  sprung  on  over  the  ring-core,  and  afterwards 
■coupled  up  so  as  to  make  a  continuous  winding.  Some 
makers  employ  square  or  round  bars  for  the  active  con- 
ductors on  the  peripherj^  with  an  elongated  strip  conductor, 
set  on  edge  for  the  return  part  through  the  interior  of  the 
ring  (Fig.  340).  Where  toothed  cores  are  employed  a 
narrow  strip  may  be  used  for  both  the  active  conductors 
and  the  inactive  return  conductors,  as  the  latter  pack  closely 
without  iron  teeth  between  them.  Two  large  examples  of 
modern  ring  windings  will  be  found  in  the  Alioth  electro- 
lytic generator,  Plate  XXVL,  and  in  the  Postel-Vinay  12-pole 
generator,  Plate  XX. 

In  the  large  multipolar  ring  dynamos  with  internal  field- 
magnet  and  external  commutator,  now  so  much  used  for  central 
stations   in  Germany,  the  windings  are  so  constructed  that 
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Fig.  341. — Construction  of  German  Multipolar 

Ring-Armature. 


their  outer  part  serves  also  as  commutator,  as  in  Plate  XXV. 
The  armature  consists  of  core-rings  built  up  of  segmental  plates 
shown  in  section  at  b,  Fig.  341,  supported  by  driving-rods  a 
which  pass  through  them.  After  being  covered  with  suitable 
insulation,  the  copper  conductors  c  d  are  slipped  on  over  them 
and  coupled  up  to  make  a  continuous  spiral  winding.  The 
insulation  between  is  usually  a  preparation  of  paper.  The 
outer  part  d  of  the  copper  conductor  is  made  both  deep  and 
broad,  and  serves  as  a  commutator  bar.  The  brushes  (not 
shown)  are  fixed  upon  the  projecting  bar  ^,  and  trail  on  the 
outer  periphery  of  the  copper  windings  of  the  ring.  At/  is  a 
lever  for  raising  the  brushes  out  of  contact. 
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Arrangement  of  Conductors  in  Slots. 

Various  methods  of  arranging  the  conductors  in  the  slots 
have  been  mentioned  in  the  foregoing  pages.  In  modem 
lai^e  continuous-current  machines  by  far  the  most  frequent 
plan  is  that  of  putting  the  conductors  in  two  layers,  an  upper 
and  an  under,  either  two  or  else  four  in  a  slot.  Former-wound 
coils  lend  themselves  to  a  two-layer  arrangement.  On  the 
other  hand,  former-wound  coils  cannot,  in  general,  be  used 
with  any  slotted  armature  except  those  having  straight  teeth. 
It  is  true  that  by  grouping  the  conductors  three  or  four  in  a 
slot,  as  in  Fig.  342,  or  six  in  a  slot,  us  in  Fig.  343,  T-shaped 


Fig.  34a.  Fto.  343 

teeth  can  be  used.  It  must  be  remembered  that,  owing  to  the 
magnetic  shielding  of  the  teeth  the  conductors  are  practically 
not  subjected  to  any  but  centrifugal  forces.  Unless  the  pole- 
faces  are  laminated  the  top  breadth  of  the  slots  must  be  kept 
^ery  narrow ;  and  if  straight  teeth  are  employed,  they  must 
also  be  kept  y^xy  narrow,  otherwise  the  high  saturation  that 
is  so  advantageous  in  sparkless  commutation  will  not  be 
attained.  All  electric  and  magnetic  considerations  point  to 
the  slots  and  the  teeth  being  very  narrow  and  very  numerous. 
Mechanical  and  manufacturing  considerations  on  the  other 
hand  demand  that  the  slots  shall  be  few  and  wide ;  for  labour 
is  saved,  insulation  becomes  more  simple,  and  a  higher  space- 
coefficient  is  attained.  But  the  grouping  of  conductors  in 
two  layers  with  slots  wide  enough  for  two,  three,  or  four 
conductors  side  by  side  enables  wide  slots  to  be  used,  with  a 
corresponding  gain.  Standard  practice  for  parallel -wound 
armatures  is  to  put  four  conductors  in  a  slot.  But  again  a 
difficulty  occurs  for  armatures  with  a  series-grouping  {compare 
I.  2  H 
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p.  378)  for  which  an  odd  number  of  commutator-s^^ents 
and  of  "  sections  "  is  a  necessity.  For  if  the  total  number  of 
conductors  is  to  be  /;^  +  2,  and  they  are  in  two  layers,  it 
will  be  impossible  to  put  four  conductors  per  slot  into  any 
machine,  or  to  put  six  conductors  per  slot  into  a  6-pole  or  a 
i2-pole  machine.  In  practice,  series-grouping  necessitates  two 
conductors  only  per  slot  in  large  generators,  or  two  former- 
wound  groups  per  slot  as  in  tramway  motors  and  small  gene- 
rators. See  the  examples  of  Kolben's  machine,  p.  671,  and 
Brown's  high  voltage  machine,  p.  753.  Mr.  Rothert*  has 
given  special  attention  to  the  more  complicated  cases  and  has 
devised  special  modes  of  winding  to  meet  them. 

*  EUktrot.  Zdtschr.t  xxii.  316,  1901. 
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CHAPTER  XV. 

MECHANICAL   POINTS   IN   DESIGN   AND  CONSTRUCTION. 

In  Chapter  XIV.  are  considered  the  mechanical  modes  of 
transmitting  the  power  from  the  shaft  to  the  armature  con- 
ductors and  vice  versd.  The  design  of  dynamo  shafts,  journals, 
bearings,  pec^stals  and  pulleys  is  a  matter  equally  requiring 
a  knowledge  of  mechanical  principles  and  practice.  Such 
standard  works  as  Unwinds  Machine  Design  and  Dalby's 
Balancing  of  Engines  should  be  followed.  Nevertheless  there 
are  some  points  in  which  the  ordinary  engineering  rules  cease 
to  be  entirely  applicable  ;  and  it  is  because  of  this  circumstance 
that  it  seems  desirable  to  give  the  information  embodied  in 
the  present  chapter. 

Pressure  on  Bearings.  —  In  addition  to  the  ordinary 
pressures  on  bearings,  due  to  weight  of  the  shaft  and  its 
attachments,  and  to  the  lateral  drag  of  the  driving-belt,  there 
is  in  dynamo-machines  a  third  cause  producing  pressure, 
namely  the  actual  magnetic  pull  which  the  field-magnets 
exert  on  the  armature  core.  This  is  notably  great  in  the 
case  of  dynamos  having  a  single  magnetic  circuit.  An 
example  in  which  the  field-magnet  tends  to  lift  the  armature 
is  afforded  by  those  machines,  such  as  the  Edison-Hopkinson, 
Fig.  12,  p.  26,  in  which  the  magnet  stands  over  the  arma- 
ture;  whilst  contrary  examples  are  furnished  by  machines 
in  which  the  armature  is  above  the  field-magnets,  as  in  the 
Kapp  dynamo,  Plate  II.  and  p.  651.  If  the  armature  is 
perfectly  centred  there  will  always  be  a  tendency  to  drag  it 
in  such  a  way  as  to  make  the  entire  magnetic  circuit  more 
compact.  This  can  be  partially  obviated  by  placing  it 
eccentrically,  slightly  below  the  centre  of  the  bored  polar 
faces  in  machines  of  the  under-type,  and  slightly  above  the 

2   H   2 
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centre  in  the  over-type.  In  Kapp  s  machine  the  downward 
pull  is  partly  compensated  by  leaving  the  pole-tips  wider 
apart  below  the  armature  than  they  are  above  it ;  or  by  usin<r 
cast-iron  pole-tips  below  and  wrought-iron  pole-tips  above. 
This  magnetic  pull  may  amount  to  as  much  as  four  or  five 
times  the  weight  of  the  armature.  To  calculate  the  magnetic 
pull  of  any  pole,  we  must  know  the  density  of  the  magnetic 
flux  between  the  pole  and  the  armature  and  the  area.  Then 
w^e  may  apply  the  formula  ^ 

P=  B2A4-72,i34,ocx), 

where  P  is  the  pull  in  pounds  weight,  B  the  flux-density  per 
square  inch,  and  A  the  area  in  square  inches. 

Example, — In  a  multipolar  tramway  generator,  the  flux-density  in 
the  gap  was  about  45,000  lines  per  square  inch,  and  the  area  under  one 
pole  was  about  285  sq.  inches.  Hence  the  pull  of  that  pole  was  at 
least  9900  lbs.  As  the  flux  was  somewhat  concentrated  towards  the 
tips  of  the  teeth  of  the  armature  the  pull  would  be  really  greater. 

Centrifugal  Forces. —  If  a  mass  is  whirling  with  a  radius 
of  R  inches,  at  U  revolutions  per  minute  around  an  axis,  the 
centrifugal  force  is  0*0009138  KV*  poundals  per  pound  of 
peripheral  matter,  or  0*0000284  R  U*  pounds  per  pound  of 
peripheral  matter.  This  rule  can  be  used  to  estimate  the 
centrifugal  forces  on  armature  conductors. 

Example, — Suppose  an  armature  conductor  weighing  0*39  lb.  to 
be  revolving  at  150  revolutions  per  minute ;  the  radius  of  the  arma- 
ture being  31  inches.     The  centrifugal  force  on  it  will  be 

0*39  X  0*0000284  X  31  X  150  X  150  =r  7  72  lb. 

Gyrostatic  Action  of  Armature, — Another  point,  which 
arises  only  in  the  case  of  dynamos  used  on  shipboard  and  of 
motors  running  round  a  curve  on  a  track,  is  the  gyrostatic 
action  of  the  revolving  armature,  which  tends  always  to  keep 
its  axis  pointing  in  the   same   direction.     Lord   Kelvin  has 

*  See  the  author's  book  The  Electromagnet,  If  B  and  A  are  given  in  centi- 
metre measure,  and  P  is  described  in  kilogrammes,  the  divisor  in  the  formala  will 
1)6  226,520. 
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i^iven  the  following  formula  for  the  gyrostatic  force  on  a 
bearing, 

where  F  is  the  force  ;  W  mass  of  armature  ;  /  length  between 
bearings  ;  g  the  acceleration  of  gravity  ;  en  the  angular  velocity 
of  the  armature,  in  radians  per  second  ;  fl  the  maximum 
angular  velocity  of  roll  of  ship,  also  in  radians  per  second  ;  k 
the  radius  of  gyration  of  the  armature. 

Example, — In  a  ship  rolling  20**,  with  a  periodic  time  of  16 
seconds,  a  Siemens  alternate-current  machine  running  at  1300  revo- 
lutions per  minute;  W  =  148  lb. ;  >t  =  0*7  foot;  /=  1*4  foot;  and 

20 
i:^  =  32  feet  per  sec,  per  sec.     Here  n  =  27rx    ^X2ir-7-i6== 

o*  137  ;  and  w  =  2  ir  X  1300  4-  60  =  136.  Then  F  =  30*6  lb.  on 
each  bearing,  alternately  acting  up  and  down  at  each  roll,  if  the  axis 
of  the  dynamo  lies  athwart  the  ship. 

It  is  evident  from  these  considerations  that  it  would  be 
inexpedient  on  shipboard  to  employ  dynamos  having  arma- 
tures which  resemble  fly-wheels  in  form,  if  the  pressure  due 
to  the  weight  of  the  armature  were  not  relatively  much 
greater.  Mr.  W.  R.  Kelsey  has  discussed  the  bearing  of 
t^Tostatic  action  on  engineering  design  in  the  Electrical 
Engineer  for  July  1902. 

Balancing  of  Armatures, — Running  as  so  many  arma- 
tures do  at  a  high  speed,  it  is  absolutely  necessary  that  they 
should  be  balanced,  otherwise  they  will  set  up  objectionable 
vibration.  It  is  usual  to  balance  the  armature  core-bodies 
after  assembling  and  before  winding,  and  again  after  the 
copper  conductors  are  in  place.  For  the  principles  of  balanc- 
ing see  Dalby's  Balancing  of  Engines, 

Journals. — From  what  has  been  said  it  will  be  clear  that 
caution  must  be  used  in  applying  the  ordinary  rules  of 
machine  design.  It  is  usually  assumed  that  journals  are 
made  larger  for  higher  speeds,  because  of  the  necessity  of 
getting  rid,  by  the  greater  cooling  surface,  of  the  heat  gene- 
rated at  the  higher  speed.  But  it  is  known  that  this  assump- 
tion leads  to  the  rule 

/=FU^/3; 
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where  /  is  length  in  inches  ;  F  the  force  (in  lbs.)  on  the 
bearing ;  U  the  number  of  revolutions  per  minute ;  and  /9  a 
constant  which,  according  to  various  authorities,  may  vary 
between  66,000  and  1,000,000.  With  such  a  variation,  the 
rule  is  almost  useless  as  a  guide  to  design  ;  moreover  it  takes 
no  account  of  the  diameter  of  the  journal.  In  all  good  engi- 
neering practice  the  ratio  between  the  diameter  and  length  of 
a  journal  bears  a  relation  to  the  speed.  For  slow  speeds,  such 
as  100  revolutions  per  minute,  the  length  need  be  no  greater 
than  one  diameter ;  whereas  for  speeds  of  1000  and  upwards 
the  length  is  five  or  six  diameters,  and  in  high-speed  fans 
sometimes  as  much  as  eight  diameters. 

From  this  we  get  the  approximate  rule  : — 

//rf=  I  +0*004  u. 

The  rule  given  above,  which  is  an  ordinary  one  for  mill- 
shafting,  is  known  not  to  apply  to  crank-shaft  bearings,  where 
centrifugal  force  is  of  little  importance,  but  where  there  come 
heavy  alternately-directed  thrusts  and  wrenches.  Still  less 
can  it  strictly  apply  to  dynamo  machines.  In  these,  for  the 
most  part,  the  power  is  transmitted  through  a  few  inches  of 
shaft  from  a  pulley  to  the  armature.  The  journal  between 
these  two  parts,  if  the  pulley  is  outside,  is  obviously  sustaining 
a  much  severer  wrench  than  the  journal  at  the  other  end ;  it 
is  in  many  dynamos  made  larger  and  longer  than  that  at  the 
commutator  end. 

In  the  table  on  the  next  page  are  given  data  of  sundry 
machines. 

The  safe  diameter  for  a  journal  to  give  requisite  strength 
depends  on  the  load  tending  to  bend  it,  as  well  as  on  the  mere 
twisting-moment  that  results  from  the  power  transmitted 
through  it.  The  diameter  of  a  shaft  is  usually  calculated  from 
the  formula,  applicable  when  there  is  no  bending : — 


d  (inches)  =  ^ ^Z  HP  -r  revolutions  per  minute  ; 

where  ^  =  2  "6  for  steel  shafts. 

The  lateral  leading  of  an  overhung  pulley,  due  to  the  belt, 
produces  a  considerable  amount  of  beading.   Taking  the  ratios 
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of  breadth  of  pulley  to  diameter  which  are  usual  in  dynamo 
manufacture,  it  will  be  found  that  c  ought  to  be  taken  as  having 
a  value  variously  estimated  from  4*2  to  5*5.  If  T  be  the 
pure  torque  on  the  shaft,  and  if  P  is  the  belt-pull,  and  it  is 
exerted  at  a  distance  a  from  the  bearing  (measured  from  centre 
of  pulley  to  centre  of  bearing),  the  equivalent  torque  T'  from 
which  to  design  the  diameter  of  the  shaft  is 


Again,  the  spindle  or  shaft  of  a  dynamo  is  subjected'  to 
bending  by  the  weight  of  the  armature,  by  the  magnetic  drag 
on  its  core,  and  in  belt-driven  machines  by  the  lateral  drag  of 
the  pulley.  When  running,  it  is  also  subjected  to  bending 
stresses  if  the  masses  it  carries  are  not  properly  balanced.  If 
the  brasses  of  the  bearings  keep  the  journals  in  line,  it  is 
evident  that  all  such  actions  tend  to  bend  the  shaft  at  definite 
points.     Professor  Perry  calculates  for  discoidal  armatures 

//rf=:  U  VL-f-  icoo  ; 
and  for  drum-  and  elongated  ring-armatures, 

where  L  is  the  length  of  the  shaft  between  the  middle  points 
of  its  bearings,  in  inches  ;  and  U,  /  and  d  as  before. 

In  any  given  case  there  is  a  certain  total  bending  moment 
put  upon  the  shaft  by  the  weight  of  the  armature,  the  pull  of 
the  belt,  and  the  magnetic  pull.  Let  the  bending  moments 
be  plotted  out  as  usual,  and  from  the  curve  let  the  greatest 
bending  moment  be  observed.  This  is  inserted  instead  of  Pa 
in  the  previous  formula,  and  so  the  f«tWw«^  diameter  of  shaft 
is  found.  Around  this  minimum  diameter  the  rest  of  the  shaft, 
collars,  seatings  with  key-ways,  etc.,  can  then  be  designed. 

Journals,  if  plain,  are  usually  terminated  by  collars  or 
raised  shoulders,  to  bear  against  the  brasses  and  limit  end- 
play.  In  some  forms  of  machine  end-play  is  especially  pro- 
vided for,  so  as  to  cause  an  even  wear  at  the  commutator. 

In  some  British-machines,  chiefly  small  ones,  and  others  of 


1 
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American  make,  a  shaft  of  the  same  diameter  throughout  is 
used,  with  collars  shrunk  on  to  prevent  end-play.  This  is 
not  good  engineering.  A  shaft  ought  to  be  as  thoroughly 
designed  for  its  work  as  any  other  part  of  the  machine.  It  is 
well  recognized  in  a  machine  design  that  where  an  axle  has  to 
bear  a  transverse  load  tending  to  bend  it  between  the  points 
of  support,  it  must  be  thickest  where  the  bending  moment  is 
greatest  One  may  also  take  as  a  basis  of  calculation  the 
diameter  appropriate  at  the  journals  (found  as  above)  and 
assuming  that  the  shaft  is  of  circular  section,  calculate  the 
diameters  at  the  other  parts  by  the  rule  that  the  diameter  at 
each  point  should  be  proportional  to  the  cube  root  of  the 
bending  moment  at  that  point.^  It  must  not  be  forgotten 
that  where  key-ways  are  to  be  subsequently  cut  for  securing 
the  spiders  or  other  attachments,  additional  diameter  must  be 
given  to  admit  of  this  without  reduction  of  strength.  An 
example  of  design  is  afforded  by  the  shaft  of  Brown's  dynamo, 
Plate  IX. ;  also  by  that  of  Kapp's  dynamo,  Plate  II. 

In  the  first  of  these  examples  it  will  be  observed  how  the 
armature  spiders  fit  on  over  the  middle  portion  of  the  shaft, 
and  the  whole  is  tightened  up  by  a  threaded  nut  against  a 
collar  on  the  shaft  The  commutator  is  built  up  around 
another  and  shorter  sleeve,  which  slips  over  a  slightly  reduced 
part  of  the  shaft,  on  the  other  side  of  the  collar.  The  pulley 
is  within  the  bearing,  not  overhung. 

In  the  second,  the  armature  spider  is  a  long  sleeve  of  cast- 
iron,  which  stiffens  the  middle  portion  of  the  shaft,  and  is  held 
up  by  a  threaded  nut  against  a  collar. 

For  large  direct-driven  generators,  modern  practice  is 
either  to  bolt  the  armature  spider  to  the  fly-wheel,  or  else  to 
a  face-plate  on  the  engine-shaft,  as  shown  in  Figs.  442  and 
445.  or  else  to  mount  it  solidly  upon  a  shaft  coupled  to  the 
cn<jine-shaft ;  and  the  commutator  shell  is  also  usually  bolted 
to  the  armature  spider  instead  of  being  mounted  on  a 
separate  spider. 

In  Plate  XXVII.  are  given  the  designs  of  a  number  of 
shafts.     In  these  the  journals  are  marked  J,  the  seatings  for 

*  See  Unwin's  Machine  Daign^  vol.  i.  p.  264  (edition  1901). 
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armature  bosses   A  ;    seatings   for   pulleys   P  ;   scatings  for 
commutators  K  ;  oil-ejecting  collars  O. 

Bearings  and  Pedestals.  —  Bearings  for  dynamos  are 
always  made  divided,  so  that  the  armature  can  be  lifted  from 
its  bed,  and  usually  with  steps  of  brass  or  gun-metal  seated  in 
an  appropriate  pedestal.  Those  who  are  not  familiar  with 
this  elementary  part  of  machine  design  should  examine  the 
drawings  of  the  pedestals  and  bearings  of  various  machines  ; 
particularly  those  of  Brown's  dynamo,  Plate  VII. ;  and  those 
of  other  Plates.     Often   the  pedestal  is  made  in   two  parts 


Fig.  344.— Ball  BI'^ahing  {Alto  Machinkry  Cumi-anv). 

bolted  tc^ether  ;  the  joint  occurring  at  the  level  of  the  under 
side  of  the  armature  to  admit  of  the  latter  being  withdrawn, 
and  ailbrding  a  resting  point  during  removal.  Where  long 
bearings  are  used  they  are  occasionally  made  of  cast-iroti 
instead  of  gun-metal  or  brass.  More  often  a  soft-metal 
bearing  is  used  ;  or  rather  a  soft  alloy,  such  as  Babbitt's 
metal  or  "  Magnolia  "  metal,  is  used  as  a  lining  for  a  step  of 
gun-metal  or  cast-iron ;  such  antifriction  metal  being  cast  into 
shallow  recesses  formed  for  that  purpose  in  the  hollow  of  the 
step.     In  the  case  of  dynamos  mounted  on  the  end  of  the 
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engine  shaft,  for  direct  driving,  it  is  usual  to  have  only  one 
dynamo  bearing  at  the  outer  end.     See  examples  in  Plates 


V.  and  XIX.     The   Postcl-Viiiay  generator,  Plate  XXL,  is 
overhung  and  has  no  outer  bearing. 
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Fig.  345  illustrates  a  bearint;  from  a  5CK)  kw.  generator 
by  the  Oerlikon  Maschinetifabrik ;  it  is  provided  with  self- 
oiling  rings. 

Vertical  shafts  for  dynamos  driven  by  water  turbines  need 
special  designs  for  bearings.  They  were  first  introduced  by 
Brown  about  1890.  Several  examples  are  given  in  the 
present  book. 

Ball  Bearings. — With  the  introduction  of  machinery  of 
precision  for  making  steel  balls  for  antifriction  bearings,  the 
use  of  the  latter  for  dynamos  has  been  coming  into  favour. 
Fig.  344  gives  the  view  of  a  bearing  of  this  class,  and  shows  the 
disposition  of  the  balls  between  the  revolving  liner  and  the 


Fig.  346.— Spmericu,  liUKiNii  ni--  Cirilden  Dvnam<). 

outer  stationary  rings.  For  motor-generators,  where  there  is 
no  lateral  drag  due  to  belts,  these  bearings  have  been  found 
excellent.  Roller  bearings  have  some  advantage  in  large 
machines.     Sec  Bayley  Marshall,  Rep.  Brit.  Assoc.  1897. 

Thrust  Bearings. — In  all  dynamos  with  disk  or  discoidal 
ring-armatures,  end-play  is  inadmissible  ;  and  thrust-bearings 
must  be  provided  similar  to  those  used  on  screw  propeller 
shafts  with  raised  collars  on  the  journals.  Or,  instead,  the 
shaft  may  be  constructed  with  shoulders  somewhat  deeper 
than  usual  at  the  joumal.s,  to  bear  against  the  brasses.  The 
bearings  of  steam-turbine  alternators,  running  at  very  high 
speeds,  deserve  special  notice. 

Spherical  Bearings. — With  all  lorii^  bearings  it  is  of  great 
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importance  that  they  should  not  only  be  exactly  concentric, 
but  that  they  should  also  be  accurately  in  line.     To  permit 
the  steps  to  adjust  themselves  to  perfect  alignment  it  is  now 
a  frequent  practice  to  provide  them  with  a  spherical  seat ;  that 
is  to  say,  a  spherical  or  nearly  spherical  shape  is  given  to 
the  enlarged  central  portion  of  the 
bearings,  and  this  spherical  portion 
is  provided  with  a  soft  metal  seat 
on  the  pedestal.^     Fig.  346  gives  a 
design  by  Mr.  Ravenshaw. 

Lubricators. — Provision  must  be 
made  for  lubricating  bearings  with 
a  due  supply  of  oil  or  grease,  and 
arrangements  to  prevent  waste  and 
spilling.  It  is  usual  to  provide  an 
oil-well  in  the  hollow  casting  of  the 
pedestals,  into  which  the  oil  drains 
from  the  ends  of  the  brasses. 
Sight-feed  lubricators  which  supply 
the  oil  visibly  drop  by  drop  are 
undoubtedly  best  for  ordinary 
machines.  Such  a  lubricator  is 
illustrated  in  Fig,  347.  The  lever 
C  at  the  top  closes  the  feed  of  oil 
when  the  machine  is  not  wanted 
to  run.  The  collars  A  and  B 
regulate  the  rate  at  which  the  oil 
floHs  down  to  drop  through  the 
tube-sight  below.  For  ship  dy- 
namos special  forms  that  cannot  p,,.  ji^.—visiBiK  Drcp- 
spill  oil  are  preferable.  It  is  usual  kkkdLibkicaiuk. 
to  provide  a  collar  on  the  journals 

to  collect  and  throw  off  the  oil  centrifugal ly,  the  lips  of  the 
bearing  being  carried  (as  shown  in  Fig,  346  above)  beyond 
the  brasses,  and  provided  with  a  re-entrant  rim  which  catches 
the  oil  and  returns  it  to  the  well  below.     Sight-drain  lubri- 

'  See  paper  by  Mr.  Coleman  Sellers,  \a  J ournat  of  Franklin  IitilituU  for  1871, 
or  Engiiiariag,  kv.  17,  or  the  fisare  in  L'liwin's  Machini  Design,  i,  p.  Jio. 
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cators  which  permit    the   oil    that   flows  from   the   bearings 
to   drop  visibly  are   in   some   cases   preferable.      For   large 
dynamos,   where    there    is    great    weight   on    the    bearings, 
special  precautions  have  to  be  taken,  as  in  the  lubrication  of 
the  bearings  of  propeller  shafts.     Oil  is  supplied  under  pres- 
sure, sometimes   from   two  independent   sources,  to  prevent 
risk  of  failure.      Such  arrangements  are  the  more  needful  in 
the  case   of  dynamos,  because   the   motion  is  one  of  pure 
rotation,  the  shaft  not  being  subjected,  like  the  crankshaft  of 
a  steam  engine,  to  alternate   lateral   thrusts,  which  help  to 
work  the  oil  in  under   the  Journals.      Sellers  has  proposed 
a   double    lubrication  ^  as    a 
safeguard.        The      ordinary 
lubricator  supplies  oil  at  the 
centre    of  the    bearing,   and 
the    top     brass    is    provided 
near   each   end    with    a    cup 
containing  a  stiff  mixture  of 
tallow  and    oil,  which    only 
melts    in    case    the    bearing 
heats     from    failure    of    the 
ordinary   oil     supply.      Self- 
lubricating   devices   are    now 
very     general,     an     oil-well 
being  provided   in  the   lower 
brass,  into  which  dips  a  collar 
on  the  journal,  or  a  metal  ring  running  loosely  over  it,  or  even 
a  mere  ring  of  felt.     Fig.  348  represents  the  self-oiling  ar- 
rangement used  in  their  small  motors  by  the  Crocker- Wheeler 
Co.  of  New  Jersey.     Some  makers  provide  spiral  grooves  in 
the  soft-metal  lining  of  the  bearing,  so  that  the  oil  brought  up 
by  the  ring  is  distributed  along  the  journal. 

For  dynamos  and  alternators  of  the  "  umbrella  "  type,  with 
vertical  shafts  for  use  with  turbines,  very  special  oiling  arrange- 
ments must  be  used  on  account  of  the  very  great  weight  on 
the  bearings  (see  Plates  XIV.  and  XXIX.).  Arrangements  are 
made  in  all  large  machines  of  this  type  to  take  a  lai^e  portion 
'  Unwin's  Maihiiie  Daign,  i.  p.  310. 
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of  the  dead  weight  off  the  bearing  surfaces,  by  means  of 
hydraulic  floats,  or  in  some  cases  by  applying  electromagnets 
to  produce  an  upward  pull.  In  the  case  of  the  great  Niagara 
alternators,  the  lubrication  is  effected  by  oil  placed  in  a  large 

» 

cast*iron  cup  several  feet  in  diameter  attached  to  the  shaft 
below  the  bearing.  Into  the  oil  dips  a  stationary  tube,  up 
which,  when  the  cup  revolves,  the  oil  rushes  to  the  top 
of  the  bearing.  A  cold-water  circulation  is  provided  for 
artificial  cooling. 

Keys  and  Featlurs, — Keys  for  securing  the  armatures  and 

pulleys  to  the  shaft  should  be  of  the  sunk  or  flat  type,  not  of 
the  saddle  type,  which  is  less  reliable.  The  rules  for  keys  are 
as  follows  :  b  meaning  breadth  ;  t  thickness  ;  and  d  diameter 
of  the  eye  of  the  hub,  all  in  inches — 

/,  for  sunk  keys  =  -^^d  +  J"  ; 
ty  for  flat  keys     =  ^  +  ^' ; 

For  small  machines  these  numbers  are  needlessly  large. 
Where  two  or  more  feathers  are  used  on  different  sides  of  the 
shaft,  the  breadth  of  each  may  be  somewhat  less  than  this. 
Where  two  feathers  are  used  it  is  better  to  place  them  120° 
apart  than  at  90^,  as  so  often  is  the  case. 

Pulleys  and  Belts. — There  is  no  need  to  give  special  rules 
for  these,  as  the  ordinary  rules  for  running  machinery  apply. 

Bed-plates. — In  designing  bed-plates  it  is  usual  to  save 
weight  of  metal  by  coring  out  and  leaving  stiffening  ribs  and 
flanges.  All  this  is  quite  right  except  in  those  cases  where 
any  part  of  the  bed-plate  serves  also  a  magnetic  purpose  and 
constitutes  a  part  of  the  magnetic  circuit.  For  example,  in 
the  Kapp  dynamo,  Plate  II.,  the  bed-plate  serves  partially  as 
a  yoke  for  the  field-magnet ;  and  in  the  "  Manchester  "  type  of 
dynamo,  Fig.  13,  the  part  of  the  casting  which  passes  under 
the  armature  must  be  left  solid.  British  makers  usually 
design  bed-plates  of  box-pattern.  In  the  case  of  machines 
with  drum  or  cylindrical-ring  armatures  it  is  convenient  to 
be  able  to  withdraw  the  armature  longitudinally  by  removing 
one  pedestal,  which  therefore  should  be  a  separate  casting. 
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In  that  case,  for  machines  of  the  over-type,  it  is  convenient 
that  the  pedestal  should  be  made  remo\'able  down  to  the 
level  of  the  under  side  of  the  armature,  so  that  when  the 
upper  part  is  removed  the  stump  may  form  a  convenient 
resting  place  for  the  armature  in  removal.  A  case  is  ^own 
in  Fig.  456,  p.  720,  and  in  the  Kapp  dynamo,  Plate  II. 

Couplings. — When  dynamos  are  driven  without  belting 
from  the  steam  engine  on  the  same  bed-plate,  it  is  frequent  to 
connect  their  respective  shafts  by  a  coupling.  Of  these  devices 
there  are  several  special  patterns,  such  as  Brotherhood's,  with 
a  connecting  part  of  leather,  and  Raworth's  with  flexible  steel 
bands,  admitting  of  a  certain  amount  of  play  if  the  two  shafts 
are  not  in  exact  alignmenL  The  coupling  is  occasionally  so 
constructed  that  it  also  insulates  the  engine  from  the  d3mamo. 
In  the  case  of  large  modem  generators,  solid  face-plate 
couplings  are  usually  employed.     See  Plate  XXVII. 

Where  fly-wheels  are  mounted  on  the  same  shaft  they 
should  be  as  near  the  armature  as  possible,  in  order  that  in  the 
event  of  any  sudden  change  of  load  (as  may  occur  from  a 
short-circuit),  the  fly-wheel  may  as  directly  as  possible  take  up 
the  thrusL  The  arrangement,  once  fashionable,  of  putting 
the  fly-wheel  at  one  end  of  a  long  crank-shaft  and  the  dynamo 
at  the  other,  is  almost  the  worst  possible.  In  some  cases — 
example,  the  tramway  generators  of  the  English  Electric 
Manufacturing  Co. — the  armature  boss  is  bolted  direct  to  the 
fly-wheel. 


48i 


CHAPTER  XVI. 

COMxVIUTATORS,    BRUSHES   AND   BRUSK-HOLDERS. 

Dynamos  for  furnishing  continuous  currents  require  a  com- 
mutator (sometimes  called  a  collector)  and  bruslies  to  collect 
the  current.  The  essential  action  of  these  organs  has  been 
already  described  (see  pp.  45  to  53)  ;  and  the  causes  that 
give  rise  to  sparks  are  discussed  in  Chapter  X.  We  have 
now  to  consider  the  design  and  construction  of  these  organs. 

We  may  distinguish  three  types  of  apparatus  for  collecting 
the  currents  from  dynamo  machine?. 

I.  Continuous-current  dynamos  with  closed  coil  armatures 
as  used  for  general  lighting  and  power  requiring  a  constant 
potential,  are  furnished  with  a  commutator  of  the  Pacinotti 
type,  that  is  to  say,  consisting  of  a  considerable  number  of 
parallel  bars  secured  around  an  insulating  hub,  and  presenting 
a  cylindrical  surface,  against  which  press  a  pair  (or  usually 
more  than  one  pair)  of  brushes  or  sets  of  brushes. 

II.  Continuous-current  dynamos  of  the  open  coil  type,  as 
used  for  arc  lighting,  and  giving  a  constant  or  nearly  constant 
current,  are  provided  with  a  commutator  consisting  of  a  com- 
paratively small  number  of  segments,  each  covering  a  con- 
siderable angle,  and  separated  by  air-gaps  from  one  another. 
These  are  described  in  Chapter  XXII. 

III.  Alternators  with  revolving  armatures  need  a  pair  of 
collecting  rings  of  metal,  each  provided  with  one  or  more 
brushes,  or  some  analogous  device  to  form  a  sliding  connexion 
with  the  circuit.  Alternators  with  revolving  field-magnets  of 
which  the  winding  also  revolves,  need  a  similar  device  to  convey 
the  exciting  current  to  the  moving  coils. 

Commutator  Segments, — The  number  of  bars  of  the  com- 
I.  2  [ 
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mutator  depends  on  the  number  of  "  sections  "  in  which  the 
armature  winding  is  grouped.  In  the  case  of  parallel-wound 
armatures,  where  there  are  as  many  sets  of  brushes  as  there 
arc  poles,  the  current  to  be  collected  at  each  set  of  brushes 
is  equal  to  the  total  current  divided  by  the  number  of  pairs 
of  poles.  Thus,  in  a  lo-pole  machine  with  an  output  of  800 
amperes,  there  will  be  five  positive  sets  and  five  negative 
sets  of  brushes,  160  amperes  passing  in  or  out  through 
each  set  Increasing  the  number  of  commutator  segments 
per  pole  diminishes  the  tendency  to  spark  (page  255) ; 
and  lessens  the  fluctuations  of  the  current  (page  288). 
There  are,  however,  t\vo  practical  reasons  against  making 
the  number  of  bars  (and  therefore  of  the  windings)  very 
great.  Increasing  the  number  increases  the  cost.  Again,  in 
large  machines  having  but  one  loop  of  the  armature  winding 
from  each  bar  of  the  armature  to  the  next,  the  number  cannot 
be  greatly  increased  without  exceeding  the  voltage  desired. 
For  example,  in  a  bipolar  Edison-Hopkinson  machine  for  an 
output  of  1 100  amperes  at  105  volts,  only  43  convolutions  are 
required.  On  the  other  hand,  it  is  found  for  small  dynamos, 
that  if  the  number  of  bars  is  increased,  each  bar  becomes  too 
thin.  The  width  of  segments  at  the  face,  averages  about 
o*3  inch.  Small  commutators  for  use  with  copper  brushes 
sometimes  have  segments  as  narrow  as  o*2  inch.  Again,  the 
bars  should  be  of  a  length  proportioned  to  the  number  of  am- 
peres that  is  to  be  taken  off  at  them.  They  are  seldom  less 
than  I  inch  and  seldom  more  than  20  inches  long.  Modern 
practice  varies  somewhat,  but  it  may  be  fairly  represented  by 
some  such  figure  as  i  •  2  inches  for  every  100  amperes  (per 
brush-set),  if  copper  brushes  are  used,  or  4  inches  if  carbon 
brushes  are  used. 

Commutators  for  use  with  copper  brushes  may,  therefore, 
be  made  somewhat  smaller  than  those  for  use  with  carbon 
brushes.  With  copper  brushes,  moreover,  higher  peripheral 
speeds  are  admissible  than  would  be  possible  for  carbon 
brushes,  for  which  3000  feet  per  minute  is  the  limit. 

Number  of  Segments. — The  proper  number  of  segments  K 
is  determined  by  the  winding  of  the  armature,  and  therefore 
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by  the  output  and  voltage  of  the  machine.  If  the  suitable 
number  of  average  volts  per  segment  ej^  is  known  from  experi- 
ence, one  can  at  once  estimate  the  value  of  K  by  dividing 
the  prescribed  voltage  E  of  the  machine  by  ^^,  and  then 
multiplying  (for  parallel- wound  armatures)  by  the  number  of 
poles  /. 

K  =  E  x/-r^*; 

or,  for  armatures  with  series-parallel  winding,  having  c  circuits 

K  =  E  X  ^-f  ^*. 

Now  experience  gives  the  following  values  of  Ck ' — 


For  machines  working  at 

Average  volts  per 
segment. 

Average  segments  per 
pole  or  per  circuit. 

500  to  550  volts 

Si  to  15 

35  to  100 

200  to  220  volts 

4    to  10 

20  to    55 

100  to  120  volts 

3   to   5 

20  to    35 

The  matter  is,  however,  influenced  by  the  current  to  be 
collected,  for  if  the  current  to  be  collected  is  less  than  100 
amperes  the  value  of  ejt  may  be  taken  higher,  but  under  no 
ordinary  circumstances  to  exceed  25  volts. 

Arnolds  Rule. — To  fix  the  proper  value  of  K,  Arnold  has 
given  the  rule  that  it  must  not  be  less  than  from  0*037  to  0*04 
times  the  product  of  Z  into  the  square-root  of  the  current 
carried  by  one  circuit  of  the  armature.  For  example,  in  a 
4-pole  machine  with  4  circuits,  each  carrying  100  amperes  and 
having  336  armature  conductors,  Arnold's  rule  would  assign, 

as  the  minimum  value  of  K,  0*037  ^  33^  X  tj \oo  =  123. 
The  machine  actually  had  168  ;  two  conductors  united  into 
one  loop  constituting  the  element  of  the  winding.  Had  the 
element  chosen  been  of  two  loops  with  4  conductors,  the 
number  of  segments  would  have  been  84  only,  and  the 
machine  would  probably  have  sparked.  Nevertheless  it  is 
certain  that  good  machines  have  been  constructed  for  which 
the  constant  was  lower  than  0*037,  even  as  low  as  0*025. 

212 
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In  practice  K  is  equal  to  Z  divided  by  some  whole  number 
most  commonly  2  or  4,  but  occasionally  in  small  machines  a 
still  larger  number.  The  number  cannot  be  3  or  5,  because 
these  numbers  would  imply  that  there  are  i  J  or  2  J  loops  in  the 
element  of  the  winding.  The  only  way  of  attaining  such  a 
ratio  is  by  making  alternate  elements  of  different  numbers  of 
loops.  For  instance,  to  get  ij  loops  on  the  average,  the  first 
element  may  consist  of  i  loop,  the  second  of  2,  the  third  of  i^ 
the'  fourth  of  2,  and  so  on. 

Size  of  Commutator. — The  appropriate  size  of  commutator 
can  be  determmed  as  follows : — Writing  b  for  the  width  of  the 
segment  at  the  face,  and  4  for  the  useful  lengch  of  the  segment, 
dj^  for  the  diameter  of  the  commutator,  a  for  the  current- 
density  at  the  brush  contact-face,  and  f  for  the  number  of  seg- 
ments covered  at  one  time  by  one  brush,  we  have  the  following 
equations  : — 

E  =  ^x  X  K  -T-/  ; [i] 

C=*x4xi/Xrt'Xf  (neglecting  thickness  of 
insulation)  ;  ....  [2] 

K  =  ^4  7r  -r  ^.         •  •  •  •  •  [3] 

Multiplying  together  the  first  and  second  equations  and 
substituting  the  value  of  K  we  deduce 

dk  X  4=  X        i-      '       '         '         '         '         '         [4] 

If  a  be  taken  at  40  amperes  per  square  inch  and  f  as  5,. 
this  becomes 

rf^.  X  4  =  E  C  -7-607r<>  •  •  •  •  [5] 

Another  useful  rule  as  to  dimensions  is,  that  it  is  always 
well  to  make  the  commutator  of  large  diameter,  provided  that 
the  peripheral  speed  does  not  exceed  3000  feet  per  minute.  A 
frequent  proportion  chosen  is  J  of  the  diameter  of  the  arma- 
ture. If  the  peripheral  speed  in  feet  per  minute  is  called  t\  we 
fi^et  the  rule 

dA  =  ^       ; L^J 

TT  X  r./f,m. 
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And,  assuming  as  a  moderate  peripheral  speed,  2600  feet  per 
minute,  we  get 

^4=  10,000 -T- r. /.;;/.      •  •  •  •  [7] 

Another  trial  value  of  dk,  if  K  is  known,  is  : — 

rf^  =  0-3  X  K  -f-  TT [8] 

Example, — MP  6 — 150 — 4^0 — 250^ — 600^.  Taking  ^4  at  6  volts 
per  segment  the  formula  [5]  gives  132  as  the  product  d^,  x  4.  To 
sejjarate  this  into  factors,  as  the  revolutions  per  minute  are  450,  and 
as  a  i^eripheral  speed  at  the  commutator  face  of  2600  feet  per  minute 
is  not  too  high,  d^  works  out  from  formula  [6]  as  22  inches,  making  4 
=  6  inches.  If,  therefore,  the  brushes  in  each  set  were  close  together 
the  length  of  the  working  face  would  be  6  inches ;  but  as  some  space 
is  necessary  between  the  brushes,  and  also  at  the  ends,  the  working 
face  must  be  made  a  little  longer.  In  the  actual  machine  (Scott  and 
Mountain,  p.  582)  the  dimensions  were  //t  =  21,  4  =  7-5,  and  K 
was  248. 

Requirements  in  Design, — The  construction  of  commuta- 
tors must  meet  several  difficulties.  The  segments  must  be 
adequately  insulated  from  one  another  and  from  the  sup- 
porting shell  or  sleeve.  They  are  subject  to  considerable 
centrifugal  forces,  yet  they  cannot  be  screwed  down  into  their 
places,  for  that  would  destroy  their  insulation.  They  must 
therefore  be  clamped  firmly  in  their  places  by  end  clamping- 
rings  or  clamping  segments  protected  by  insulating  layers, 
and  as  all  insulation  is  unmechanicai  and  unable  to  bear 
tensile  stresses,  these  layers  must  be  so  interposed  as  to  be 
subject  to  compressing  stresses  only.  It  is  of  the  utmost 
importance  for  good  and  sparkless  commutation  that  no 
segment  should  by  any  possibility  rise  out  of  its  place 
through  centrifugal  force  or  through  expansion  by  heating. 
Hence,  the  clamping  devices  must  be  strong  and  incapable  of 
working  loose.  The  mode  of  attachment  of  the  bars  should 
also  be  such  as  to  make  the  greatest  amount  of  length  avail- 
able. They  should  also  be  of  considerable  radial  depth,  to 
allow  for  wear,  as  the  commutator  needs  to  be  turned  down 
from  time  to  time  to  preserve  cylindricity.     The  usual  dimen- 


486  Dynamo- Electric  Machinery. 

sions  are  from  I  inch  to  2  inches  deep.  As  for  the  material 
most  makers  use,  for  small  machines,  hard  drawn  copper, 
made  in  long  lengths  of  the  proper  section  and  cut  off  to  the 
length  required,  or,  where  the  design  involves  projecting  lugs 
or  much  shaping,  drop-forgings  of  copper  are  used  which  are 
of  the  proper  section  and  only  need  a  light  cut  at  the  ends  to 
finish  them  to  the  proper  shape.  Cast-copper  and  phosphor- 
bronze  bars  are  to  be  deprecated.  They  are  more  costly  as 
they  must  be  machined  to  the  proper  section,  and  they  vary 
in  hardness  and  cause  the  commutator  to  wear  unevenly. 
Drop-forgings  of  varied  shapes  and  sizes  are  now  articles  of 
commerce. 

In  order  to  secure  pood  fit,  the  cross-section  of  the  copper- 
segments  should  taper  properly  according  to  the  number  that 
are  to  be  taken  to  make  up  the  whole  circumference.  It  is 
obvious  that  if  K  =  360,  each  segment  should  have  a  taper  of 
1°  between  its  faces  ;  if  K  =  36,  each  would  need  a  taper  of 
10°.  It  is  not  practical  to  use  a  mica  insulation  that  has  not 
parallel  faces  ;  any  defect  in  the  taper  of  the  copper  segments 
cannot  be  made  good  by  packing  with  mica ;  but  when  the 
number  of  segments  exceeds  150,  segments  of  the  same  angle 
may  be  used  for  two  segments  more,  or  two  segments  fewer 
than  the  exact  number.  Thus  a  segment  made  with  the 
exact  taper  to  suit  for  K  =  220  might  be  used  for  K  =  222, 
or  K  =  218.  The  manufacturers  of  commutator  segments 
issue  tables  of  angles  and  chords  to  facilitate  precision.  Such 
a  table  is  given  in  Electrical  Review^  xli.,  September  10,  1897^ 
p.  335.  Thus  for  K  =  248  the  angle  of  taper  of  the  segment 
is  1°  27',  and  the  chord  of  this  angle,  for  the  radius  of  i  inch, 
is  0*0253  inch.  To  determine  the  thickness  of  the  segment 
the  value  of  the  chord  must  be  multiplied  by  the  radius  of  the 
commutator,  and  the  thickness  of  the  mica  then  subtracted. 
Thus,  for  the  above  example,  if  ^x-  =  21  and  the  mica  used 
is  36  mils  thick,  the  thickness  of  the  segment  at  the  face  will 
be  (0*0253  X  10-5)—  0*036  =  0-2296  inch.  Or,  again,  if  the 
thickness  of  the  segment  and  the  thickness  of  the  mica  are 
given,  the  diameter  may  be  calculated  from  the  value  of  the 
chord  given  in  the  table  thus  : — Add  together  the  thickness  of 
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the  segment,  and  that  of  the  mica.  Double  the  sum  and 
divide  by  the  chord.  For  example,  if  the  segment  be  0-2296 
inch  thick  and  the  mica  0-036,  and  the  chord  of  its  taper  is 
0-0253,  the  diameter  will  be  2(0-2296  +  0-036)  —  0-0253  = 
21  inches.  • 

Insulation.  —  It  is  needful  to  have  a  good  insulation 
between  each  bar  and  its  neighbours,  and  a  specially  good 
insulation  between  the  bars  and  the  sleeve  or  hub  around 
which  they  are  mounted,  and  also  between  the  bars  and  the 
clamping  devices  that  hold  them  ;  for  the  difference  of 
potential  is  small  between  neighbouring  bars,  and  muchlai^er 
between  the  bars  and  other  metal-work.  The  insulating 
material  must  not  absorb  oil  or  moisture :   hence   asbestos, 
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plaster  and  vulcanized  fibre:  arc  inadmissible.  The  end  insula- 
tion rings  may  be  of  micanite  or  the  preparation  of  paper 
pulp  known  as  "  press-board  "  or  "  press-spahn."  The  conical 
rings  are  usually  built  up  of  micanite  (mica  and  shellac) 
moulded  while  hot  'inder  pressure  to  the  correct  shape;  more 
rarely  the  developed  .surface  is  cut  out  of  the  flat  micanite 
sheet,  and  bent  to  shape.  Fig.  349  depicts  a  conical  end-ring 
of  micanite  cut  away  to  show  its  section.  Commutators 
with  air-gaps  between  the  bars  have  been  used.  But  with 
air-insulation  there  is  some  trouble  in  keeping  the  gaps  from 
being  filled  by  metallic  dust  from  the  wearing  of  the  brushes. 
It  is  of  some  importance  that  the  mica  selected  for  insulating 
the  bars  from  one  another  should  be  soft  enough  to  wear  away 
at  the  same  rate  as  the  copper  bars,  and  not  project  up  above 
the  cylindrical  surface.  Amber  mica  of  a  .soft  and  rather 
cloudy  quality  is  preferred  to  the  harder  clear  white  or  red 
Indian  mica.     The  usual  thicknesses  are  as  follow  :— 


■ 
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Thickness  of  Mica. 


Voltage  of  machine. 


Between  neighbouring 
segments. 


Between  the  segments  and 
the  shell,  and   between 
segments  and  clamping- 
rings. 


125  volts  or  under 

250  volts       

1000  volts     


o'020to  0*030 
0*025  to  0-036 
0*030  to 0*060 


o'o6o  to  o'loo 


0*060  to  0'120 

0*100  to  o*i6o 


The  micanite  insulation  used  at  the  ends  is  not  infrequently 
backed  up  with  some  thicker  layer  of  a  less  expensive  and 
less  highly  insulating  preparation,  such  as  papier-mdchd  or 
ambroin.  An  example  of  this  occurs  in  the  commutator 
figured  in  Plate  XL  There  is  some  advantage  in  arranging 
that  the  metallic  clamping- rings  shall  not,  as  in  Fig.  350, 
come  up  level  with  the  face  of  the  segments,  for  it  is  then 
difficult  to  prevent  conduction,  or  even  arcing  from  occurring 
by  dust  accumulating  at  the  edge  of  the  mica.  There  is 
preferably  either  a  raised  ridge  of  insulation  as  in  Figs.  351 
and  352,  or  else  the  working  face  of  the  segment  should  extend 
to  the  end  of  the  cylindrical  surface,  as  in  Plate  XXIII. 

Construction  of  Commutators, —  For  small  machines  a  com- 
mon construction  is  that  shown  in  Fig.  368.  The  segments 
are  secured  between  a  bush  or  hub  and  a  clamping-ring,  the 
ring  being  mounted  on  the  hub  and  forced  to  grip  the  bars  by 
means  of  a  nut  on  the  hub  of  by  bolts  passing  through  the  ring 
and  hub.  The  ends  of  the  bars  are  bevelled  so  that  the  ring 
and  bush  draw  the  segments  closer  together  on  tightening. 

The  hub  in  small  machines  is  usually  of  cast  iron  keyed 
to  the  shaft ;  but  in  large  machines  the  commutator  is  built 
upon  a  strong  flange-like  support  or  shell  bolted  to  the  arma- 
ture spider,  thus  leaving  a  clear  air-way  to  the  armature. 

When  drawn  copper  strip  is  used  the  design  should  be 
such  that  the  available  surface  for  the  brushes  takes  up  nearly 
the  whole  length  of  the  bar,  and  the  bevelled  ends  should  be 
as  simple  as  possible  ;  with  drop- forged  segments  this  is  not 
so  important. 
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In  the  construction  shown  in  Fig.  350,  the  bars  are 
clamped  in  place  by  being  shaped  with  projecting  snugs 
which  fit  at  one  end  into  a  groove  in  a  gun-metal  sleeve,  and 


Fio.  350,— Section  of  Commutator  (Paterson  and  Coopkr). 

at  the  other  under  an  external  clamping-ring  which  is  forced 
over  their  bevelled  ends  by  a  large  screw-washer.  The 
clamping-ring  in  this  case  reduces  the  available  surface  for 
the  brushes. 


Fig.  351.— Com  m  OTA  tor  of  Tramway  Motor. 

Fig-  351  depicts  a  modern  commutator  as  used  in  tram- 
way motors,  having  a  diameter  of  6  inches,  and  a  working 
face  about  2^  inches  in  length.     In  this  case  special  drop- 
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Fig.  352.— Detail  of 
Skgmental  Clamp- 
ing-Ring. 


forgings  of  copper  are  used,  clamped  below  to  a  sleeve  of 
bronze.  The  insulation  is  particularly  carefully  carried  out 
with  mica  backed  with  thicker  layers  of  paper  preparation. 

A  construction  which  is  illustrated  by  Fig.  353  relates  to 
a  four-pole  machine  with  only  two  sets  of  collecting  brushes. 

Here  also  the  bars  of  the  commutator 
are  assembled  around  a  sleeve  fixed 
on  the  shaft,  but  are  so  arranged  that 
their  whole  length  is  available  for  con- 
tact with  the  brushes ;  being  held  in 
position  at  their  ends,  with  insulating 
rings,  between  V-shaped  nicks  in  the 
bars  and  the  clamping  pieces  which 
enter  them,  as  in  Fig.  368. 
A  very  similar  arrangement  obtains  in  Kapp's  dynamo 
(Plate  III.),  in  which  the  clamping  nicks  in  the  ends  of  the 
bars  are  made  deep  ;  the  end  insulation  being  effected  by  three 
rings  of  vulcanized  fibre,  one  flat,  the  other  two  conical, 
which  fit  into  the  ends  of  the  assembled  bars. 

For  larger  machines,  the  commutator  segments  are  as- 
sembled upon  a  special  pulley-like  hub,  which  is  either  keyed 
to  the  shaft,  or  bolted  to  the  armature  hub,  and  they  are 
securely  held  in  place  by  clamping-rings,  usually  built  in 
segments,  so  that  in  case  of  need  a  portion  of  the  commutator 
may  be  dismounted  and  replaced  without  dismounting  the 
whole.  Fig.  352  illustrates  a  modem  example.  Examples 
of  segmental  construction  may  be  seen  in  several  of  the 
Plates.  Special  attention  should  be  given  to  the  construc- 
tions shown  in  Figs.  421,  p.  658,  and  450  (Oerlikon  Co.), 
Plate  XI.  (Parshall),  and  Plate  XXL  (Kolben).  For  machines 
having  a  large  output  of  current,  and  a  limited  number  of 
poles,  commutator/  of  great  length  are  necessary ;  and  in 
.such  special  means  must  be  devised  for  holding  the  segments 
that,  in  their  expansion  with  heat  they  may  not  assume  an 
irregular  surface.  Fig.  354  depicts  a  construction  due  to  the 
Oerlikon  Co.,  for  a  6-pole  machine  of  1500  amperes,  collecting 
therefore  500  amperes  at  each  set  of  brushes.  The  length  of 
the  working  face  is   18^  inches.      In    commutators   of  still 
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greater  length  some  means  must  be  taken  to  support  the 
middle  as  well  as  the  ends  of  the  segments.  Fig.  355  gives 
an  example  taken  from  a  machine  with  vertical  axis,  collect- 
ing 600  amperes  at  each  brush  set 

Another  device  for  securing  long  commutator  segments 
from  bending  up  under  the  combined  effect  of  temperature 
and  centrifugal  force,  is  to  shrink  over  them  around  the  middle 
an  insulated  steel  ring.  An  example  is  given  in  the  Thury 
generator.  Fig.  453,  p.  716.  This  plan  is  used  for  the  com- 
mutators of  dynamos  driven  by  Parsons*  steam  turbines,  see 
Fig.  4S3,  p.  759.  A  form  of  commutator  suitable  for  very 
high  voltage  is  seen  in  Brown's  machine,  Fig,  480,  p.  7SS- 


Fic.  354.— Commutator  for  Ijirce  Cirrbnis  (Oerlikon  Co.). 

Plate  XXIII.  shows  the  very  compact  and  substantial 
construction  adopted  in  the  marine  generator  of  Ganz  and  Co. 

Occasionally,  commutators  are  made  of  discoidal  instead 
of  cylindrical  form,  with  the  brushes  resting  against  an  end- 
face  ;  but  such  end-face  commutators  are  seldom  seen  except 
in  little  motors. 

In  building  commutators  it  is  usual  to  assemble  the  bars 
to  the  proper  number,  with  the  interposed  pieces  of  mica, 
clamping  them  temporarily  around  the  outside  with  a  strong 
iron  clamp,  or  forcing  them  into  an  external  steel  ring  by 
hydraulic  pressure.  Hydraulic  presses  of  special  form  for 
assembling  commutators  are  made'  by  the  West  Hydraulic 

•  See illmt rale.!  atliclc  in  Enijitietring.  July  l8,  1901. 
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Engineering  Co.,  of  Bradford.  They  are  then  put  into  the 
lathe  and  the  interior  cylindrical  surface  is  bored  out.  Then 
the  ends  are  turned  up,  with  the  annular  hollows  to  receive 
the  clamping-pieces.  The 
whole  is  then  mounted, 
with  proper  insulation, 
upon  the  sleeve,  and  the 
end  clamping-pieces  are 
screwed  up.  It  is  then 
heated  in  a  stove,  and 
the  end  clamping-pieces 
are  further  tightened  up. 
Lastly  the  temporary  ex- 
ternal clamps  or  rings  are 
removed  and  the  external 
surface  is  turned  up  true. 
The  commutators  of  large 
generators,  which  cannot 
conveniently  be  either  hy- 
draulically  assembled  or 
sto\ed,  by  reason  of  their 
size,  are,  after  being  as- 
sembled, heale(l  by  placing 
under  them  a  ring  of  Bun- 
sen  burners  at  a  distance 
of  about  a  foot  apart  from 
one  another.  Then,  when 
hot,  the  clam  ping- rings  are 
tightened  up  with  screws 
so  as  to  squeeze  out  as 
much  as  possible  of  the 
shellac  in  the  micanite. 
The  sleeve  should  be  pro- 

oerly  keyed    or   Othenvise      Fic  3SS--CoMML-TATOfi  with  Middle 
secured  to  the  shaft,  or  to         ^'•'"^^  '"^  Seomknts  (Oerlckon  Co.). 
the  armature  spider,  that  there  may  be  no  slip  between  it  and 
the  armature  to  which  it  is  afterwards  connected. 

Covimtitator  Risers. — Connexion  is  made  with  the  arma- 
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ture  conductors  by  means  of  radial  strips  or  wires,  sometimes 
called  risers,  which  are  inserted  into  a  cut  sawn  in  the  comer 
of  each  bar,  and  firmly  held  there.  A  good  mode  is  to  rivet 
the  strip  connectors  into  the  comers  of  the  bars  before  they 
are  assembled,  each  riveted  joint  being  also  sweated  in  with 
solder.  Fig.  356  shows  a  simple  mode  of  doing  this;  while 
Fig.  357  shows  commutator  bars  formed  with  a  lug  to  receive 
the  rivet  r.  In  this  example  the  nick  k  is  to  prevent  the 
brushes  from  being  set  too  near  to  the  radial  strips. 

It  is  important  that  these  risers  or  radial  connectors  should 
be  properly  attached,  since  they  are  subjected  to  considerable 
mechanical  forces.  Twice  in  each  revolution  each  such  strip 
carries   a  strong  current ;   and,  owing  to  the  existence  of  a 


stray  magnetic  field,  may  consequently  be  racked  toward  one 
side.  Before  this  was  understood  it  gave  rise  to  frequent 
accidents.  When  copper  brushes  were  universal  there  was 
supposed  to  be  an  advantage  in  designing  these  risers  so  that 
they  offered  resistance  to  the  current,  in  order  to  improve 
the  sparkless  collection.  Some  makers  use  rheostene,  others 
German-silver,  and  as  in  such  cases  the  heating  renders  them 
liable  to  expansion  and  subsequent  contraction,  they  are 
sometimes  made  of  a  wavy  form,  as  Fig,  360^. 

For  Small  machines  another  plan  is  to  provide  the 
segments  with  a  lug,  into  which  two  holes  are  drilled  as  in 
Fig.  358,  to  receive  the  wires  from  the  beginning  and  end  of 
two  successive  sections  of  the  winding  ;  or  the  two  wires  are 
laid  in  a  saw-cut  and  sweated  I'n.      German   manufacturers 
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often  use  screws  for  attaching  the  wires  ;  but  Engh'sh  makers 
avoid  them. 

Attachment  to  the  Armature  Winding. — The  risers  are 
attached  to  the  winding  in  several  different  ways.  In  cases 
of  drums  with  evolute  winding  there  is  frequently  no  need  of 
risers,  inner  ends  of  the  evolutes  being  sweated  into  nicks  in 
the  ends  of  the  segments,  as  in  Fig.  310  and  Plate  XV.  In 
larger  examples,  as  in  Plate  XVII.,  short  risers  of  strip  copper 
are  inserted.  In  cases  of  barrel- winding,  risers  are  needed 
unless  {as  in  Pig,  439)  the  commutator  is  very  large.  The 
risers  are  usually  individually  attached  to  the  commutator 
before  the  latter  is  mounted  on  the  shaft,  and  the  connexions 
between  armature  and  commutator  are  as  the  last  operation. 


The  attachment  of  the  riser  to  the  winding  is  often  carried 
out,  as  shown  in  Fig.  360a,  by  sweating  over  the  two  projecting 
ends  of  the  armature  bars  the  recurved  end  of  the  slip  that 
serves  as  riser.  Another  method  used  by  Ganz  and  Co.  is 
shown  in  Fig.  360/!  Another  method,  due  to  Brown,  consists 
in  employing  a  curved  riser  which  fits  in  under  the  projecting 
ends  of  the  armature  bars,  as  in  Fig.  361.  The  three  ends 
are  individually  tinned.  They  are  then  bound  together  by 
binding  tightly  around  them  a  tinned  copper  wire.  Lastly, 
when  all  have  been  so  bound,  the  armature  is  suspended 
vertically  and  these  connexions  lowered  into  an  annular  pot 
of  melted  solder. 

An  unusual  form  of  segment  is  depicted  in  Fig.  362, 
having  a  second  lug  projecting   backward  behind  the   riser 
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This  is  for  the  purpose  of  attaching  the  commutator  to 
equalizing  rings  situated  against  the  end  of  the  core-body  (see 
p.  412. 


Fig.  360. — MoDKs  of  Attaching  the  Risers  to  the 

ArMATI'RE  CONDl'CTORS. 

Bnisltes. — Brushes  may  be  classified  into  those  made  of 
metal,  and  those  of  carbon.  The  kind  of  metal  brush  most 
frequently  used  for  receiving  the  currents  from  the  commutator, 
consists  of  woven  copper  wire  gauze  folded  on  itself  and 
compressed  as  shown  in  Fig.  363,  e.  It  was  introduced  about 
1884  by  Mr.  A.  P.  Trotter.     In  order  to  prevent  fraying  at  the 


Fig.  361.— Brown's  Mode  of 
Attachment. 


Fig.  362.  —  Segment    with   Extra 
Lug  for  Equalizing  Connexion. 


edge  it  is  usual  to  fold  the  gauze  obliquely,  as  in  Fig.  363,/ 
Sometimes  the  core  of  this  gauze  is  made  of  exceedingly  fine 
copper  wires  either  straight  or  in  soft  plaited  strands.     The 
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earliest  sort  of  brush  used  consisted  of  a  quantity  of  straight 
copper  wires  laid  side  by  side,  soldered  together  at  one  end, 
and  held  in  a  suitable  clamp.  Two  layers  of  wires  were  often 
thus  united  in  a  single  brush,  as  shown  in  Fig.  363,  a.  The 
object  of  all  these  devices  was  to  secure  a  contact  at  a  large 
number  of  points. 

Brushes  made  of  broad  strips  of  springy  copper,  slit  for  a 
short  distance  so  as  to  touch  at  several  points  (Fig.  363,  b),  are 
used  in  the  Brush  and  Thomson- Houston  arc-light  dynamos, 


y- 
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Fig.  363.— Different  Kinds  of  Copper,  Brushes. 


and  in  rectifiers.  This  kind  of  brush  is  usually  set  tangentially 
to  the  surface  of  the  commutator,  not  sloping  to  it  at  an  angle 
as  is  the  case  with  the  thicker  kinds  of  brushes. 

Edison  has  used  as  brushes  a  number  of  copper  strips 
placed  edgeways  to  the  collector,  and  soldered  flat  against 
one  another  at  the  end  furthest  from  the  collector.  Fig.  363,  c. 
In  some  machines,  a  compound  brush  made  up  alternately  of 
layers  of  wire,  like  Fig.  363,  a,  and  slit  strips  of  copper,  like 
Fig.  363,  c^  has  been  adopted. 

Other  makers  have  used  a  number  of  very  thin   copper 
strips  laid  over  one  another  as  in  Fig.  363,  dy  held  together  in 
a  suitable  clamp.     The  best  are  those  of  Boudreaux. 
I.  2  K 
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Rotating  brushes  in  the  form  of  metal  rollers   or  disks 
have  been  repeatedly  tried,  but  are  not  successful. 

Carbon  Briislies. — It  was  suggested^  by  Professor  G.  Forbes 
to  replace  the  brush  by  a  slab  of  fine-grained  and  good  con- 
ducting cdrbon.  They  have  become  practically  universal  for 
constant-potential  machines,  particularly  for  the  generators  and 
motors  used  in  traction,  in  which  the  current  to  be  collected  is 
liable  to  frequent  variations  of  amount,  and  where,  therefore, 
the  brush-holders  and  rocker  must  be  kept  in  one  constant 
position.  It  is  not  too  much  to  say  that  without  the  use  of 
carbon  brushes  it  would  be  impossible  to  fix  the  position  of 
the  brush-holders  and  yet  have  sparkless  performance  at  all 
loads.  It  is  usual  to  provide  a  contact  surface  of  about 
I  square  inch  for  each  40  amperes  ;  but  a  really  good  con- 
ducting carbon  will  carry  double  this.  At  low  surface  speeds 
they  wear  the  commutator  less  than  copper  brushes  :  but  they 
are  more  liable  to  heat,  and  necessitate  commutators  of  greater 
length.  There  are  several  qualities  of  carbon  in  use.  For 
hard  ordinary  carbons  a  current-densjty,  at  the  face,  of  40 
amperes  per  square  inch  is  usual  (see  p.  240).  For  soft 
carbons,  60  to  70  are  permissible  ;  and  with  the  special  electro- 
graphitic  carbon  of  brand  **  X,"  introduced  by  the  company 
Le  Carboney  100  amperes  per  square  inch  are  possible.  Very 
soft  carbons  leave  a  layer  of  graphitic  matter  on  the  com- 
mutator, and  at  high  voltages  this  may  lead  to  sparking 
between  neighbouring  segments.  Such  carbons  should  only 
be  used  in  low-voltage  machines.  Natural  graphite  behaves 
like  soft  carbon,  but  is  more  prone  to  cut  the  commutator. 
Carbon  brushes  are  usually  covered  at  their  upper  part  with 
a  coating  of  electro-deposited  copper,  to  ensure  good  contact 
with  the  holder.  This  copper  skin  should  be  removed  at  the 
parts  near  the  contact-face. 

Number  and  Size  of  Brushes, — It  is  usual  for  all  but  the 
very  smallest  machines  to  place  at  least  two  brushes  side 
by  side  (as  in  Fig.  14^7,  p.  29),  instead  of  one  broad  brush. 
This  allows  of  either  brush  being  removed  for  trimming 
and  replaced  while  the  machine  is  running.     It  also  tends 

*  Specification  of  Patent  1288  of  1885. 
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to  equalize  the  wear  of  the  commutator,  each  brush  being 
separately  pressed  against  the  surface  ;  and  the  gap  between 
two  brushes  can  be  covered  by  a  brush  at  the  other  aide. 
No  rule  can  be  given  for  the  number  or  breadth  of  brushes 
that  will  apply  to  all  cases.  Nor  is  it  easy  to  give  a  general 
rule  for  the  thickness  of  brushes.  A  thickness  that  will  bridge 
the  film  of  insulation  between  bar  and  bar  is  not  sufficient,  for 
each  section  of  the  winding  requires  to  be  short-circuited  for  a 
certain  brief  time,  in  order  that  the  current  in  it  may  be 
reversed.     The  minimum  thickness  of  metal  brush  (or  breadth 


..  364— V. 


of  its  oblique  end)  seems  to  be  about  ij  times  the  thickness  of 
the  commutator  bar.  Carbon  brushes  are  more  usually  made 
broad  enough  to  span  over  2j  bars.  For  armatures  with 
duplex  and  triplex  windings  (p.  367)  broader  brushes  must 
necessarily  be  used.  There  is  no  objection  to  a  greater 
thickness  in  those  dynamos  that  have  a  Iar|;e  neutral  zone 
about  the  neutral  point.  But  when  a  brush  of  great  thickness 
is  used  another  effect  arises,  namely,  a  waste  in  heating  owing 
to  the  difference  of  potential  between  the  parts  of  the  com- 
mutator respectively  in  contact  with  the  advance  edge  and 
hinder  edge  of  the  brush.  To  reduce  this  effect  it  has  been 
proposed  to  use  two  thin  brushes,  one  in  front  of  the  other, 
instead  of  a  single  thick  one,  with  a  certain  amount  of  resist- 
ance between  them. 
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Mordey  has  suggested '  a  special  form  of  brush,  consisting 
of  a  number  of  thin  laminae  (Fig.  365)  slightly  insulated  from 
one  another  at  the  face,  but  united  above,  so  as  to  introduce 

a   small   resistance  ttetween  those  that 

touch  on  different  segments.  Rothert 
has  shown  ^  that  there  is  some  advan- 
tage in  having  brushes  that  possess  a 
higher  specific  resistance  toward  the  toe. 
A  similar  advantage  may  be  gained  by 
the  plan  introduced  by  Crompton  of 
employing  a  mixed  brush  of  copper  and 
carbon,  the  carbon  tip  being  set  beyond 
the  copper  brush  so  as  to  come  into 
,,       ,       ,,  ,        operation  at  the  close  of  the   commu- 

JlU.  365,— MORCEY'S  ■^.  ,        ,  ,  .  , 

Laminated  Brush.        ^a^'O"-        I"    '^''g^    machmes,    where    a 
number  of  brushes   are   fixed   side  by 
side  on  one  brush-rod,  constituting  a  "  set "  of  brushes,  there 
is   some  advantage  in  using  holders  of  unequal  lengths,  so 
that  the  positions  of  the  brushes  are  staggered.     The  brush 
which  projects  furthest  should 
in  that  case  be  made  of  a  car- 
bon of  higher  resistance. 

Setting  of  Brusiies.  —  ITie 
angle  at  which  brushes  are  set 
to  bear  upon  the  commutator 
varies  with  the  construction. 
As  a  rule  the  brush  is  set 
sloping  at  an  angle,  the  tip  of 
the  brush  being  raked  in  the 
direction  of  the  rotation,  so 
that  it  may  not  trip  on  the 
edges  of  the  commutator-bars. 
Skltino  ok  Bkishes.  ill  I'ig-  366,  a,  is  shown  such 
a  brush,  set  langcntialiy,  as  iii 
arc-light  machines.  In  Fig.  366,  b,  is  a  thick  brush  with 
bevelled  end  set  at  about  45°,  as  in  most  constant-voltage 
dynamos.      Fig.  366,  c.    shows   a   form  of  bru.sh  for  use  in 

'  youm.  Jmt.  £/«.  Eiiiifmi,  XMvi.  562,  1B97. 
'  EIrklreUihnhr-.he  Zeilsehy-JI,  Ocl.'lip^. 
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motors,  permitting  of  reversal  of  direction.  Blocks  of  copper 
or  gun-metal  are  attached  to  levers  furnished  with  rubber 
bands  to  afford  contact-pressure.  In  Fig.  366,  d,  is  shown  a 
carbon  brush  also  adapted  for  use  in  reversing  motors ;  the 
brush,  a  rectangular  block  of  carbon,  being  pressed  radially 
through  a  metal  slide  against  the  commutator. 

In  many  cases  where  carbon  brushes  are  used  they  are  set 
to  rake  in  a  direction  opposite  to  the  rotation,  so  that  the  end- 
pressure  may  be  greater  when  running.  Fig.  367  illustrates 
a  carbon  brush-holder  for  use  in  mining  motors. 


Fig.  367,— Carbon  IIrvsh-HOLDEr  (Sneu.). 

Briisk-ltolders  and  Rockers. — The  mechanism  for  holding 
the  brushes  must  fulfil  the  following  conditions  : — 

1.  The  brushes  must  be  held  firmly,  and  Joined  with  a  good 
metallic  contact  to  their  circuit. 

2.  Brush-holders  must  permit  brushes  to  be  withdrawn  or 
fed  forward  as  required. 

3.  Brushes  must  be  held  to  make  contact  at  proper  angle 
to  the  surface  of  the  commutator. 

4.  Brushes  must  bear  with  proper  pressure  upon  the  com- 
mutator ;  if  too  light,  they  will  jumpand  spark  ;  if  too  heavy, 
they  win  cut  the  commutator  into  ruts. 
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5-  They  must  not  have  too  great  an  inertia,  as  they  have  to 
rise  and  fall  gently  if  the  commutator  be  in  the  least  untrue. 

6.  Brush-holders  must  permit  brushes  to  be  raised  from 
contact 

7.  For  small  machines  they  must  also  permit,  by  a  proper 
mechanical  catch,  of  the  brushes  being  held  raised  out  of 
contact 

8.  Insulated  handles  should  be  provided  for  all  dynamos 
working  above  100  volts,  so  that  the  brushes  may  be  raised 
and  adjusted  without  risk  of  shocks. 

9.  The  insulation  of  the  brush,  or  of  brush  and  brush-holder 
together,  must  be  very  thorough. 

10.  The  rocker  and  brush-holder  rods  must  be  firm  and 
steady,  so  that  the  vibration  of  the  machine  when  running 
shall  not  cause  chattering  of  the  brushes. 

An  example  of  metal  brushes,  designed  by  Mr.  Mountain 
for  the  "Tyne  "  dynamo,  is  given  in  Fig.  368,  which  also  shows 
the  construction  of  the  commutator  and  the  rocker.  The  rocker 
R  consists  of  an  iron  ring  in  two  parts,  which  is  clamped 
together  by  bolts  upon  a  raised  rim  on  the  bearing.  To  this 
rocker  are  attached  a  handle  H  for  shifting  it  so  as  to  bring 
the  brushes  to  the  neutral  point,  and  a  couple  of  projecting 
lugs  L  (one  only  shown)  to  carry  the  brush-holder  rods  M. 
The  latter  are  mechanically  secured  to  the  rocker  lugs  by 
screw  nuts  which  hold  them  tightly  ;  but  they  are  electrically 
kept  from  making  contact  with  the  rocker  by  the  interposition 
of  an  insulating  bush  and  washers  of  ebonite.  Upon  the  rods 
M  are  placed  the  brush-holders  A  which  can  turn  hinge-wise 
upon  them.  Between  the  hinges  of  A  is  fixed,  by  a  screw  F,. 
a  middle  piece  D  with  a  projecting  tail.  The  brush  B  passes 
through  a  slot  in  A,  being  clamped  by  a  screw  C.  The  current 
is  brought  to  the  brush-holders  by  flexible  conductors,  which 
are  soldered  into  sockets  provided  for  the  purpose.  The  brush 
is  pressed  forward  by  a  compressed  spiral  spring,  the  force  of 
which  can  be  regulated  by  a  screw  through  the  projecting  tail 
of  D  ;  whilst  it  can  be  held  off  by  means  of  the  catch  K,  which 
can  be  pulled  back  and  slipped  into  a  cleft  on  the  end  of  D. 
In  Fig.   353,  p.  491,  which  depicts  the  similar   mechanism 


Commutators,  Brushes  and  Brush-holders.     503 

of  the  Giilcher  dynamo,  one  of  the  hold-off  catches  is  caught 
in  the  cleft. 


The  rocker  and  brush-holders  of  the  Kapp  2-pole  dynamo 
are  shown  in  detail  in  Plate  III.  Here  the  mode  for  insulating 
is  the. same,  but  the  current  is  led  into  a  thick  washer  G  ;  the 
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contact-pressure  is  produced  by  an  extended  spiral  spring 
stretched  between  a  lug  on  the  holder  A  and  the  fixed  tail  D  ; 
and  the  hold-off  catch  K  is  constituted  by  a  Straight  spring 
which  engages  in  a  notch  on  the  corner  of  A  and  is  released 
by  pressing  up  the  piece  Q,  which  is  made  of  hard  fibre.  P  is 
a  pointer  for  setting  the  brushes  to  the  right  position  in  the 
holder. 

Various  inventors  have  tried  to  simplify  the  construction  ; 
amongst  them,  Parsons  has  proposed  to  substitute  weights  for 
springs  to  give  the  requisite  pressure. 

A  very  simple  and  effective  form  of  metal  brush-holder, 
introduced  by  Siemens  and  Hat^ke,  is  used  largely  in  Germany. 
In  this  form,  Fig.  369,  the  clamp  which  holds  the  brush  is 


Fig.  369. — Siemens  and  Halske's  Brush-holders. 

set  on  the  end  of  a  curved  support  made  of  several  thick- 
nesses of  springy  sheet  brass.  This  is  simply  clamped  to  the 
holder-rod  by  a  clamp  screw  which  admits  of  the  holder  being 
shifted  along  the  rod,  or  of  being  turned  to  give  greater  or  less 
pressure.  The  same  tool  is  used  for  either  of  the  required 
adjustments. 

Holders  for  Carbon  Brushes. — The  current  forms  may  be 
classified  under  three  types  : — 

1.  Hinged  Structures. 

2.  Parallel  Spring-liolders. 

3.  Reaction-holders, 

Fig'    370    depicts   some  of   the   forms  used  by  Messrs. 
Siemens  and  Halske.     Fig.  370  a  is  a  hinged  form  in  which 
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the  carbon  is  clamped  in  a  light  frame  that  can  turn  around 
the  cylindrical  brush-pillar,  and  which  is  pulled  down  by  a 
spring  attached  to  an  inner  piece  fixed  by  a  screw  to  the 
brush-pillar.     Fig.  370  rf  is  a  kindred  form  having  a  coiled 


Fio.  370.— Brush-kuldeks  (Sie 


3  Halske). 


spring  within,  and  a  flexible  copper  ribbon  above  it  to  carry 
the  current  to  the  carbon.  Fig.  370  b  has  a  parallel  spring- 
holder.     Fig.  370  c  is  another  view  of  Fig.  369. 


Fig.  371/— Brusk-h 


MBri 


{  Thomson -Houston). 


Fig.  371  depicts  an  American  type  used  by  the  British 
Thomson- Houston  Co.  It  shows  how  the  brush-pillar  is 
mounted  upon  a  strong  insulating  bush  which  is  itself  borne 
upon  the  rocker.  The  brush-pillar  carries  a  set  of  three 
carbon  brushes.  Each  brush  is  of  rectangular  form  and  slides 
through  a  holder  that  is  rigidly  screwed  to  the  brush-pillar. 
A     spring    bears     on    the     top    of   each    "  brush  "d  and    a 
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stranded  copper  *'  flexible "  conveys  the  current.  These 
flexibles  are  inserted  into  a  hole  drilled  in  the  carbon  and 
filled  in  with  solder  or  lead.  A  somewhat  similar  but  improved 
holder,  of  lighter  pattern,  is  depicted  in  Fig.  372,  having^ 
parallel  springs. 


Fig.  372.— Parallel  Spring 
Brush-holder. 


Fig.  373.— Brush  Clamp. 


Another  hinged  form,  largely  used  on  the  Continent,  and 
due  to  Boudreaux,  is  shown  in  Fig.  374.  In  this  example 
the  carbon  brush  is  held  to  the  hinged  lever  by  a  hinged  jaw, 
and  good  conduction  of  current  to  the  carbon  is  ensured  by  a 
flexible  ribbon  of  copper  seen  below  the  lever. 


Fig.  374.— BouDREAirx  Brush-holder. 

Another  mode  of  securing  a  good  conducting  contact  is 
represented  in  the  clamping  device  shown  in  Fig  373. 

To  the  hinged  type  belongs  the  brush-holder  (Fig.  375), 
designed  by  Mr.  V.  A.  Fynn,  to  carry  25  to  30  amperes.     It 
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consists  of  two  aluminium  castings  ;  one  clamped  firmly  to  the 
rocker-bar  by  means  of  the  screw  ;  the  other,  of  triangular 
form,  carrying  the  carbon  block,  being  loose  on  the  rocker-bar. 

A  cylindrical  spring  connects  the  clamp  to  the  top  of  the 
triangle,  and  presses  the  carbon  brush  on  the  commutator. 

The  current  is  conveyed  from  the  brush  by  six  copper 
strips  sweated  to  the  brush-holder  and  clamp.     The  design 
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l''G.  375.— Fynn's  Brush-holder. 


is  noticeable  for  the  way  in  which  the  parts  of  the  brush- 
holder  arc  kept  as  far  away  from  the  commutator  as  possible. 
A  brush-holder  of  the  reaction  type,  due  to  Messrs.  Arm- 
strong, Mitchell  and  Co.,  is  shown  in  Fig.  376.  A  lug  riveted 
to  the  magnet-frame  supports  the  insulated  metal  casting 
through  which  the  rectangular  carbon  brushes  slide.     They 
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are  pressed  against  the  face  of  the  commutator  by  a  lever  con- 
trolled by  a  spiral  spring.  The  brushes  rake  against  the  di- 
rection of  revolution  of  the  commutator,  so  that  the  reaction 
of  the  frictional  forces  improves  the  contact. 

Another  form  of  reaction  brush-holder,  designed  by  the 
late  Professor  Short,  is  depicted  in  Fig,  377. 

In  this  form  the  carbon  brush  C  presses  against  the  com- 
mutator K.  and  against  the  oblique  face  of  a  gun-metal  block 
fixed  by  a  set-screw  g  upon  the  brush  pillar  P.  A  pair  of 
light  levers  L  (one  behind  the  other  and  joined  by  transverse 
pins)  hinge  about  a  second  axis  S  ;  they  press  by  small  rollers 
on  the  carbon  C,  and  are  thrust  forward  by  means  of  a  coiled 
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wire-Spring  w,  one  end  of  which  is  fastened  through  a  hole  in 
L,  and  the  other,  after  making  a  few  turns  round  the  shaft  S, 
is  bent  up  and  crooked  so  as  to  engage  in  a  toothed  piece  T 
in  some  position  that  produces  sufficient  force. 

Rockers  and  Brush-Rods. — For  bipolar  and  small  multi- 
polar machines  the  rocker  is  almost  always  constructed  to 
clamp  upon  the  bearing  in  the  manner  shown  in  Figs.  353  and 
368.  Enlarged  drawings  of  rockers  and  brush  gear  may  be 
seen  in  Plates  IV.,  VII.,  and  XXII. 

For  lai^e  multipolar  generators  and  motors,  the  rods  on 
which  the  brushes  are  held  are  fixed  at  equidistant  points 
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around  a  cast-iron  rocker-ring  which  is  itself  supported  on  four 
or  more  brackets  projecting  from  the  magnet-yoke.  This  ' 
construction  is  seen  in  Figs,  378,  379,  380  and  434,  and  in 
Plates  XII.  and  XX. 

In  these  cases  a  worm-gear  and  hand-wheel  are  usually 
supplied  for  moving  the  rocker-ring  so  as  to  adjust  the  brushes 
to  make  contact  with  the  proper  amount  of  lead.  The  several 
sets  of  brushes  are  connected  together  in  two  groups,  positive 
and  negative.  This  is  sometimes  effected  by  the  use  of 
flexible  cables,  as  in  the  Kolben  machine,  Plate  XVI.,  but  more 
often  by  the  adoption  in  the  design  of  the  ring  of  two  insulated 
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copper  conducting  rings  (sometimes  called  "  bus-rings  "),  one 
behind  the  rocker-ring  the  other  in  front  of  it  The  positive 
brush  rods  are  joined  to  one  of  these  copper  rings,  the  negative 
rods  to  the  other.  This  construction  is  shown  in  Figs.  378 
and  379. 

Anal<^ous  constructions  may  be  noted  in  Figs.  419,  432, 
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and  4.34,  and  in  Plate  XIX.  Fig.  3S0  shows  the  form  of 
rocker-ring  used  by  the  Messrs.  Dick,  Kerr  and  Co.  It  is 
designed   in   two   separate  halves  of  hollow  section,  within 
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which    the    conducting    rings,    positive    and    n^ative,    are 
protected. 


Fic.  380.— Rock ER-RiNc;  anu  Ukush  Gear  (Dick,  Kerr  and  Co.) 

It  will  be  observed  that  in  the  Westinghouse  gear  there  is 
a  radial  adjustment  for  each  brush-row.  An  excellent  example 
of  this  adjustment  was  seen  in  a  dynamo  by  W.  Smit  of 
Haarlem  in  the  I'aris  Exhibition  of  190c. 


A  third  plan  is  to  support  the  rocker-ring  on  an  indepen- 
dent support  above  the  commutator.  This  construction  is 
depicted  in  Fig.  452,  p.  715. 
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Sweating  Lugs  and  Terminal  Thimbles, — Amongst  the 
details  of  brush-gear  are  the  contrivances  for  bringing  the 
current  to  and  from  the  brush-pillars  or  rocker-rings.  Thjs  is 
usually  accomplished  by  the  use  of  large  flexible  connexions 
made  of  stranded  copper  wire  braided  externally.  Examples 
are  seen  in  Plates  XV.,  XVI.,  XX.,  and  XXV.  It  is  necessary 
that  all  such  flexible  leads  should  make  good  contact  at  their 


Fk;.  382, — SwEATiNc;  Thimbles  on  Terminal  Boards. 

ends  to  suitable  solid  metallic  piece3.  On  the  rocker  there 
are  usually  provided  sweating  lugs  (Fig.  38i),of  copper  or  brass, 
into  which  the  ends  of  the  flexible  cable  are  sweated  with 
solder.  Their  other  ends  are  sweated  into  suitable  thimbles  or 
sockets  on  the  terminal  board. 

Fig.  382  depicts  a  set  of  thimbles  suitable  for  a  terminal 
board. 


2  I. 
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CHAPTER   XVII. 

ESTIMATION  OF  LOSSES,   HEATING,  AND   PRESSURE-DROP. 

In  this  chapter  we  propose  to  consider  these  questions  from 
the  designer's  point  of  view,  as  they  are  leading  features  of  any 
design  and  require  to  be  accurately  predetermined  from  the 
drawings.  On  account  of  the  diminishing  importance  of 
bipolar  machines  and  of  those  with  smooth  core  armatures^ 
we  shall  consider,  both  in  this  chapter  and  the  next  (which 
deals  with  the  design  of  continuous-current  macliinesX  the  case 
more  particularly  of  multipolar  machines  with  slotted  arma- 
tures. 

The  losses  occurring  in  any  dynamo  or  motor  come  under 
six  heads,  as  follows  : — 

A.  Copper  Losses, — These  consist  of  the  sum  of  the  C*R 
losses  in  armature  and  series  coils  (if  any)  and  increase  with 
the  load,  but  are  independent  of  the  speed. 

B.  Iron  Losses, — These  are  made  up  of  the  eddy-current 
and  hysteresis  losses  produced  in  the  armature  core-plates 
owing  to  the  changes  of  flux-density  to  which  they  are  sub- 
jected in  each  revolution.  They  vary  slightly  with  the  load> 
and  are  always  variable  with  the  speed.  There  are  also  certain 
losses  in  the  case  of  machines  with  toothed  armatures  due  to 
the  production  of  eddy-currents  in  the  pole-pieces. 

C.  Excitation  Losses^  that  is,  the  watts  expended  in  heat, 
in  driving  the  magnetizing  current  around  the  magnetizing 
coils ;  which  losses  must  be  debited  against  the  dynamo,  as 
they  lessen  the  efficiency. 

D.  Commutator  Losses. — These  consist  of — 

(i)  C^R  loss  on  account  of  contact  resistance. 
(2)  Brush  friction  loss. 
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(3)  Losses    through    sparking,    and    through    eddy- 
currents  in  the  commutator  bars. 
Of  these,  Nos.  (i)  and  (2)  are  as  a  rule  the  only  ones 
necessary  to  consider.    There  are  also  local  circuits  in  the 
brushes  producing  a  small  loss  of  energy. . 

E.  Friction  and  Windage  Losses. — ^The  former  is  the  loss 
due  to  friction  of  bearings,  which  depends  only  upon  the 
load.  The  latter  is  the  loss  occasioned  by  the  armature 
churning  the  air.  It  is  independent  of  the  load  but  varying 
with  speed. 

F.  Secondary  Copper  Losses,  —  We  will  consider  these 
separately. 

(A.)  Copper  Losses. 

Let  w^  represent  the  total  copper  loss  of  the  machine. 
„     r^  „  (l^ot)  resistance  of  the  armature. 

„    r^  „  „  „  „        series  coils. 

„    C^  „  full-load  armature  current. 

total  length  of  armature  conductor 

in  feet,  including  end  connectors, 
section  of  the  armature  conductor  in 
sq.  inches. 

Then  we  have  for  the  total  resistance  of  the  conductors  on 
the  armature,  considered  as  all  in  series  irrespective  of  their 
grouping, 

r  =      0-000008  X   ^  I  +  0*004  (/  -  15)  I 

at  a  teipperature  of  f  C.     This  formula  becomes  at  tempera- 
tures of  about  60°  C.  (compare  p.  157), 

10*   X   S 

The  actual  resistance  proper  of  the  armatqre  r  depends 
on  the  form  of  winding  employed,  and  the  number  of  circuits 
in  parallel  from  brush  to  brush,  the  rules  for  which  are  given 
on  p.  376,  For  all  bipolar  machines  and  simple  series-con- 
nected multipolar  armatures,  with  two  circuits  only,  the  rule 
becomes  r«  =  r  -r-  4. 

2  L  2 


a 
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For  simple  multipolar  parallel-connected  armatures  run- 
ning in  fields  of/  poles,  we  have 

because  there  are  as  many  circuits  as  poles.   . 
Then  the  copper  loss  of  the  machine  is 

'^c  =  (C!  X  O  +  (C,i  X  rj. 

A  convenient  aid  in  reckoning  the  copper  losses  is  afforded 
by  Table  XL,  p.  i8i,  which  gives  the  relation  between  the 
ampere-density  and  the  energy  loss  in  copper. 

(B.)  Iron  Losses. — For  the  calculation  of  the  hysteresis 
loss,  we  can  either  make  use  of  the  formula  given  on  p.  lOO, 
or,  better  still,  refer  to  a  curve  obtained  by  test  upon  the 
actual  iron.  Such  a  curve  is  shown  in  Fig.  54,  the  ordinates 
giving  directly  the  watts  lost  per  pound  of  iron  at  the 
different  flux-densities  given  by  the  abscissae,  and  at  30 
periods  per  second.  To  find  then  the  hysteresis  loss  in  a 
slotted  armature,  for  instance,  we  proceed  as  follows.  First, 
calculate  the  number  of  complete  niagnetic  reversals,  thus 

/.       ,  revs,  per  min.  _  ^ 

where  /  is  the  frequency,  /  the  number  of  field-poles. 
Next  calculate  the  actual  flux-densities  B^  and  65  in  teeth 
and  armature  core  respectively.  A  reference  to  the  upper 
curve  of  Fig.  54  will  give  the  corresponding  number  of  watts 
lost  per  pound  of  iron  at  these  flux-densities.  Multiplying 
the  two  numbers  so  obtained  by  the  total  weight  of  the  iron 
in  teeth  and  core,  and  adding  the  two  results  we  obtain  the 
hysteresis  loss  in  the  armature  at  /  =  30  periods  per  second. 
If  the  frequency  of  reversal  is  either  higher  or  lower  than 
this,  the  hysteresis  loss  will  be  proportionately  greater  oc  less. 
Instead  of  computing  these  losses  from  the  weight  of  the  iron 
we  may  compute  them  from  the  volume  (cubic  inches)  by  the 
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curves  given  in  Fig.  55  on  p.  103,  or  estimate  it  from  Table 
VII.,  p.  102. 

The  eddy-current  losses  are  proportional  to  the  square  of 
the  flux-density,  to  the  square  of  the  frequency,  and  to  the 
square  of  the  thickness  of  the  armature  plate.  They  may  be 
calculated  from  the  formula  (see  p.  104), 


Watts  lost  per  cub.  inch  =  (40  64  X  /^  x/*  X  B*)  10 


—  13 


^yhere  /  represents  the  thickness  of  plate  in  inches.  As,'  how- 
ever, this  formula  takes  no  account  of  the  short-circuiting  of 
individual  plates  caused  by  the  machining  of  the  armature, 
the  results  given  by  the  formula  will  always  be  found  to  be  too 
small.  The  error  is  partly  compensated  for  by  the  fact  that 
the  formula  is  based  upon  the  specific  resistance  of  iron  at 
o®  C ,  and  as  the  armature  will  always  be  fairly  hot,  the 
increaseof  resistance  will  diminish  the  eddy-current  loss.  But 
a  reference  to  the  lower  curve  of  Fig.  54,  p.  loi,  will  usually 
give  good  results,  and  it  is  easier  to  apply  as  it  gives  directly 
the  eddy-current  loss  per  pound  at  different  flux-densities  for 
the  standard  thickness  of  English  armature  plate,  viz.  25  mils  , 
and  for  30  periods  per  second.  It  contains  a  correction-factor 
to  cover  the  loss  due  to  the  after-tooling  of  the  core,  but  should 
the  frequency  (or  thickness  of  plate)  be  greater  or  less  than 
the  one  for  which  the  curve  was  plotted,  the  final  result  must 
be  raised  or  lowered  in  proportion  to  the  square  of  the 
frequency  or  plate-thickness.  Table  VIII.  on  p,  104  and  the 
curves  of  Fig.  56  on  p.  105  are  also  useful. 

We  have  assumed  above  that  the  volume  of  active  iron  is 
the  same  as  the  actual  volume  of  iron  in  the  armature.  This 
js^of  course  not  strictly  true,  as  some  of  the  teeth  and  perhaps 
a  small  portion  of  the  core  may  be  missed  by  the  flux  going 
from  pole  to  pole.  The- error  is,  however,  negligible,  and  is  on 
the  right  side.  It  tends  to  correct  for  the  eddy-current  loss 
in  the  pole-faces,  which  is  impossible  to  calculate.  ,  The  iron 
loss  of  the  armature  is  hence 


^t'^^xc^-pw^, 


5>8 


DynamchEUctric  Machinery. 


where  w^  and  w^^  are  the  eddy-current  and  hysteresis  losses 
respectively,  evaluated  separately  as  above. 

(C.)  Excitation  Losses. — If  r^  is  the  resistance  (hot)  of  the 
shunt  winding,  calculated  by  means  of  one  of  the  resistance 
formulae  already  given,  and  V  the  electromotive-force  at  its 

X  V  1  =  —  as  the  watts 
rsk         J      r^k 

actually  used  in  excitation.  To  these  must  be  added  the  loss 
in  the  shunt  regulating  resistance,  if  any,  giving  a  total  loss  of 
Wx  watts  at  full  load.  The  watts  required  for  excitation 
purposes  by  shunt  machines  vary  in  practice  from  one  to  ten 
per  cent  of  the  output,  according  to  the  size  of  machuie.  As 
a  guide  to  the  designer  in  this  direction,  the  table  below  may 
be  useful,  as  giving  maximum  permissible  loss. 


Output  of  machine 
in  kilowatts. 

Excitation  loss  in  per  cenL 
of  fuU<^Ioad  output. 

5 

6 

lO 

5 

20 

4 

30 

3*5 

SO 

3 

100 

2-75 

200 

25 

300 

2*25 

500 

2*0 

1000 

1-75 

2000 

15 

(D.)  Commutator  Losses. — The  contact  resistance  between 
commutator  and  brushes  depends  mainly  upon  (i)  the  ma- 
terial of  the  brush  ;  (2)  the  bearing  pressure ;  (3)  the  peripheral 
speed  of  the  commutator ;  and  (4)  the  current-density  in  the 
brush.  Other  causes,  such  as  the  condition  of  commutator 
and  brushes,  weight  and  spring  of  the  brush-holders,  etc,  will 
also  influence  the  contact  resistance  to  a  greater  or  less 
extent.     The  voltage-drop  at  the  commutator  and  the  enei^ 
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loss  due  to  it  may  be  estimated  by  the  methods  explained  in 
Chapter  X.,  p.  242.  As  a  quick  approximate  rule  it  may  be 
remembered  that  with  carbon  brushes  collecting  current  with 
a  density  of  about  40  amperes  per  square  inch  at  the  face,  and 
a  pressure  of  about  i  •  5  lb.  per  square  inch,  the  pressure  drop 
will  be  from  i  '6  to  2  'O  volts  on  the  machine  (i>.  about  0'8  to 
I  'O  volt  at  the  positive,  and  as  much  at  the  negative  contacts ; 
with  copper  brushes  the  drop  is  usually  less  than  one-tenth  of 
this  amount).  Hence  multiplying  the  current  output  by  i*6 
or  2  will  give  the  number  of  watts  lost. 

Example, — In  Brown's  large  electro-metallurgical  machine,  p.  609, 
the  current  output  is  4000  amperes  at  full-load.  If  there  is  a  drop  of 
■2  volts,  the  commutator  loss  due  to  contact  resistance  will  be : — 

2  X  4000  =  8000  watts. 

The  loss  arising  through  the  friction  of  the  brushes  against 
the  rotating  commutator  depends  upon  the  bearing  pressure 
of  the  brushes,  the  peripheral  speed  of  the  commutator,  and 
the  coefficient  of  friction  between  the  two.  If  brushes  and 
commutator  are  in  good  condition  this  latter  may  be  taken  as 

For  carbon  brushes         .         .         .         0*3 
„    copper       „  .         •  •         0'2  * 

In  order  then  to  calculate  the  watts  lost  through  brush 
friction,  we  simply  multiply  the  total  pressure  on  the  com- 
mutator (in  pounds)  by  the  peripheral  speed  in  feet  per  minute 
and  by  the  friction  coefficient,  which  gives  the  losses  in  foot- 
pounds per  minute,  and  then  reduce  to  watts  by  dividing  by 

33,000  and  multiplying  by  746.     Or,  since  — ?^    =  0*0226  the 

foot-pounds  per  minute  may  be  brought  to  watts  by  multi- 
plying by  this  figure,  or  by  dividing  by  44*2  which  is  its 
reciprocal. 

Example, — Taking  as  example  the  same  machine,  if  we  assume 
the  brush  pressure  as  1*55  lb.  per  square  inch,  and  the  friction 
coefficient  as  o'3.  since  the  peripheral  speed  of  the  commutator  is 
3350  feet  per  minute,  we  have  as  the  friction  loss 

160  X  I  '55  X  c 3  X  3350  X  746  -r-  ZZ.ooo  =  5650  watts. 
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In  estimating  commutator-losses  it  must  be  borne  carefully 
in  mind  that  with  brushes  or  commutator  in  bad  condition, 
the  losses  (both  mechanical  and  electrical)  will  probably 
come  out  considerably  greater  than  the  above  calculations 
indicate. 

Commutator  Heating, 

Let  Wb  represent  the  total  commutator  loss,  electrical 
and  mechanical,  in  watts. 

„  S3  represent  the  heat  radiating  surface  of  commu- 
tator in  square  inches. 

„  V  represent  the  peripheral  speed  of  the  commu- 
tator in  feet  per  minute. 

„  B^  represent  the  final  temperature  rise,  in  degrees 
Centigrade. 

Then,  according  to  tests  made  by  Professor  E.  Arnold, 

83(1  -^  -0005 Vr 

According  to  Messrs.  Parshall  and  Hobart,  the  rise  of  tem- 
perature of  the  commutator  will  seldom  exceed  2<f  C.  per  watt' 
per  square  inch  of  peripheral  radiating  surface  at  a  peripheral 
speed  of  2500  feet  per  minute ;  for  ventilated  commutators 
this  figure  may  be  considerably  improved  upon. 

(E.)  Friction  and  Witidage  Losses. — These  are  naturally 
very  difllicult,  if  not  impossible,  to  calculate  with  any  accuracy, 
and  arc  usually  estimated  by  the  designer  from  previous  ex- 
perience  of  the  same  type  of  machine  as  a  perc^nt^e  of  the  full- 
load  output.  Direct-coupled  machines  will  have  smaller  fric- 
tion losses  than  belt  or  rope-driven  machines,  and  low  speed 
dynamos  smaller  mechanical  losses  than  high-speed  machines 
of  the  same  output.  For  belt-  or  rope-driven  machines  running 
at  the  usual  speeds  found  in  practice,  the  mechanical  losses 
may  be  taken  as  being  from  3  to  i  per  cent,  for  outputs  of  10 
to  300  kilowatts.  For  an  approximate  method  of  calculating 
the  mechanical  losses  of  dynamos,  the  reader  should  consult 
Fischer-Hinnens  Continuous-Current  Dynamos^  London,  1899. 

4 


Losses,  Heating,  and  Pressure- Drop.         521 

Efficiency.—^z^r'wi^  estimated-  the  separate  losses,  it .  be- 
comes a  very  simple  matter  to  calculate  the  efficiency  of  the 
machine  fo^  the  load  at  which  the  calculations  were  made« 
By  the  efficiency  we  mean  simply  the  relation  between  the 
power  actually  delivered  electrically  at  the  terminals  of  the 
dynamo  to  the  mains,  and  the  power  applied  mechanically  at 
the  shaft  to  turn  the  armature,  both  qualities  being  for  con- 
venience expressed  in  watts,  so  that  we  may  write  the 
efficiency  as 

Output  watts  _ 
Input  watts 

There  is  little  advantage  in  separating  the  efficiency 
into  factors, "  electrical  efficiency,"  etc.,  as  the  above  definition 
includes  everything  within  the  true  use  of  the  term.  If  W  is 
the  output  in  watts  of  the  dynamo  or  motor,  and  2w  the  sum 
of  all  its  losses  as  estimated  above,  we  have 

W 
^  =.,;:,  V      X  100 

W    +  AW      - 

as  the  true  or  conjmercial  efficiency  expressed  as  a  percentage. 
The  efficiency  will  diififer  at  different  loads,  since  the  watts  lost^ 
constitute  a  different  proportion  at  different  outputs.  The 
core-losses  are  nearly  constant  at  all  loads,  and  so  is  the  loss 
of  energy  due  to  excitation  by  the  shunt  coils.  The  question 
what  the  efficiency  will  be  at  ^-load,  or  i-load,  or  at  I i  load 
depends  largely  on  the  proportion  of  the  various  losses.  At 
no-load  there  are  hysteresis  and  eddy-currents  in  the  iron 
core-body,  excitation  losses,  and  friction.  As  the  load  in- 
creases there  is  added  the  loss  by  heating  in  the  copper  of  the 
armature,  and  in  the  series  coils  ;  and  these  losses  increase  with 
the  square  of  the  current.  Consequently  the  efficiency,  which 
at  no-load  is  zero,  goes  up  to  a  certain  maximum.  Which,  if  the 
design  is  good,  should  be  at  the  normal  full-load  ;  but  it 
should  be  high  also  at  half-load  and  even  at  one  quarter- 
load. 

The  forn^  of  the  efficiency  curve  is  shown  by  a  typica.1 
example  in   Fig.  383,   which   also  shows  the  values  of  the 
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sepatate  losses  at  difierent  loads.  This  set  of  curves  relates 
to  a  particular  6-pole  20okiloiiiatt  machine,  supplied  by  the 
General  Electric  Company  to  the  Central  London  Railway 


l^pOOf 


40 


60 


120         160       200       240       280       320       360       4O0 
AMPERES   OUTPUT 


Fig.  383. 

and  described  by  Messrs.  Farshall  and  Hobart.^  Fig.  384 
shows  how  the  excitation  in  this  same  machine  automatically 
increases  with  the  load  by  the  compounding  action  of  the 
series  coil. 

(F.)  Secondary  Copper  Losses. 

In  addition  to  the  ordinary  ohmic  loss  of  power  due  to 
the  resistance  of  the  armature  conductors,  there  are  certain 

*  Electric  Cenerators^  p.  iqa 
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obscure  causes  of  loss  that  lower  the  measured  efficiency  of 
machines.  One  of  these  is  the  production  of  eddy-currents 
in  pole-pieces,  heating  them  and  wasting  some  of  the  power 
applied  to  drive  the  armature.  Another  is  the  production  of 
eddy-currents  in  the  copper  conductors  themselves.  Akin  to 
this  is  the  actual  increase  of  resistance  which  occurs  if  for  any 
reason  the  current  in  the  conductor  does  not  distribute  itself 
equably  in  the  cross-section,  as  explained  on  p.  444. 
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Fig.  384. 


There  are  also  eddy -current  losses  in  the  commutator 
owing  to  the  presence  of  stray  magnetic  fields  surrounding  the 
brushes  and  brush-pillars.  These  latter  losses  are  small  com- 
pared with  those  previously  mentioned.  If  the  armature  is 
not  provided  with  equalizing  connexions  (p.  412)  there  will 
be  additional  heat  losses  as  the  load  rises  owing  to  the  unequal 
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distribution  of  current  between  the   various  circuits  in  the 
winding. 

Calculation  of  tlie  Pressure-Drop. — It  was  shown  in 
Chapter  VI.  how  to  construct  the  saturation  curve  cf  a 
dynamo  machine,  that  is,  the  curve  connecting  the  ampere- 
turns  upon  the  magnetic  circuit  and  the  useful  flux  pro- 
duced by  them  in  the  air-gap.  Let  O  C  in  Fig.  385  repre- 
sent such  a  saturation  curve,  the  ordinates  representing  the  flux 


ahpcrc-turns  per  pair  of  polks    x    x^ 

Fig.  385.— Saturation  Curve  of  Dynamo 


being  cut  by  the  conductors  and  the  abscissae  the  ampere-turns 
producing  it  Now  the  fundamental  equation  for  the  induced 
electromotive-force  (p.  282)  tells  us  that 

E=^«ZN   -Mo», 
c 

or  that  E  =  N«  X  a  constant  depending  upon  the  construction 
and  operation  of  the  machine,  and  which  may  be  denoted  by/ 
Consequently  the  ordinates  of  the  curve  represent  the  induced 
electromotive-fprce  to  a  different  scale,  that  is,  E  =  /  N*,  and 
we  may  therefore  regard  it  as  being  the  curve  of  induced 
electromotive-force  of  the  machine  for  different  excitations  at 
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constant  speed — in  other  words,  it  is  the  **^  no-load  charac- 
teristtc"  of  the  machine.  Assuming  then  that  Fig.  385 
represents  this  curve  for  a  particular  machine,  we  can  see  froni 
it  what  the  pressure-drop  at  constant  speed  and  excitation 
will  be,  and  incidentally  determine  the  amount  of  compounding 
that  must  be  employed  in  order  that  constant  pressure  may 
be  maintained  at  the  terminals  of  the  load.  Let  the  ordinate 
O  V  represent  this  constant  pressure.  Evidently  at  no  load 
an  excitation  of  Xi  ampere-turns  are  required.  Now  at  the 
full  load  of  Ca  amperes,  there  will  be  three  causes  tending  to 
lower  the  pressure,  namely  the  effects  of  {a)  ohmic  resistance 
of  armature  and  series  coils ;  {b)  demagnetizing  action  of  the 
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armature  ;  and  (c)  distortion  of  the  armature  flux,  the  effect  of 
which  only  becomes  of  importance  in  slotted  armatures.  The 
first  two  are  easily  allowed  for.  The  lost  volts  at  full-load 
are  evidently 

the  last  term  not  being  required  in  the  case  of  series  machines. 
Adding  this  quantity  to  the  ordinate  O  V  we  obtain  O  E 
as  the  pressure  that  must  actually  be  generated  in  the 
armature,  and  this  requires  an  excitation  Of  X,  ampere- 
turns.     As  it  is  frequently  convenient  to  check  the  dimensions 
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of  an  armature  conductor  in  a  preliminary  design  by  means  of 
this  quantity,  the  table  appended  below,  giving  average  values 
of  e^  may  be  of  use  in  this  direction. 

With  regard  to  the  demagnetizing  ampere-turns  of  the 
armature,  we  know  generally  that  these  are  the  ampere-turns 
lying  in  the  angle  of  brush  lead.  Assuming  that  the  brushes 
will  be  set  just  under  the  pole-tips  at  full  load,  the  demo- 
netizing turns  are  given  by  number  of  conductors  lying  between 
the  adjacent  pole  corners  multiplied  by  the  current  in  them. 

These  ampere-turns  we  multiply  by  the  dispersion  co-effi- 
cient V,  because  they  have  to  be  neutralized  on  the  field  system, 


z  I  -^ 


i 


Al  B+  :B 


Fig.  386. 


Fig.  387. 


1 


then  add  the  result  to  X,,  and  set  them  oft^  as  X3 ;  and  by 
projecting  this  value  up  to  the  curve  and  across,  find  the 
point  E,. 

Now  with  a  smooth  core  armature,  the  distortion  of  the 
flux  in  the  air-gap  does  not  produce  a  pressure-drop.  In 
Fig.  386  let  A  B  represent  the  width  of  the  pole-face  to  scale, 
and  E  F  the  flux-density  in  the  air-gap  b  g.  Then  the  area 
A  B  C  D  is  proportional  to  the  useful  flux  N^ ,  and  at  no-load 
we  may  regard  this  flux  as  being  distributed  uniformly  along 
the  air-gap  as  indicated  by  the  rectangle.  But  at  full-load  the 
flux  is  heaped  up  at  the  forward  pole-horn  and  withdrawn 
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from  the  hind  ward  horn,  as  indicated  by  the  figure  A  H  G  B. 
and  as  the  permeability  of  the  air-gap  is  constant,  the  area  of 
this  figure  is  equal  to  the  area  of  the  rectangle  A  B  C  D. 
For  instance,  if  X^  are  the  ampere-turns  required  for  the 
air-gap  (flux-density  =  B^),  and  X^  are  the  ampere-turns  lying 
under  the  poles  and  producing  the  distortion,  we  have 

Line  F  E  proportional  to  X^ ; 
„    A  H  „  X^  —  X^ ; 

„     B  G  „  Xjp.  +  X^ ; 

and  consequently  no  diminution  of  the  total  flux  takes  place 
in  a  smooth  core  armature. 

We  see  then  that  Fig.  385  gives  us  the  compounding  for  a 
machine  with  such  an  armature.  We  see  that  if  the  load  were 
switched  off"  (the  speed  remaining  the  same)  the  volts  at  the 
terminals  of  the  machine  would  rise  from  the  value  O  V  to 
that  of  O  El.  Consequently  the  compounding  ampere-turns 
are  given  by  (X3  —  Xi),  and  the  shunt  ampere-turns  by  Xi. 
If  the  machine  were  merely  shunt-wound,  it  would  require  to 
have  inserted  in  the  shunt-circuit  a  regulating  rheostat  which 
could  be  adjusted  to  give  Xi  ampere-turns  at  no-load,  and  X3 
ampere-turns  at  full-load. 

But  for  toothed  armature  machines  there  must  be  made  an 
allowance  for  the  distorting  effect,  due  to  the  fact  that 
the  permeability  of  the  teeth  is  not  constant.  As  before,  let 
(in  Fig.  387)  the  rectangle  A  B  C  D  be  proportional  to  the 
useful  flux,  EF  representing  the  flux-density  B^in  the  air- 
gap.  If  the  teeth  were  of  constant  permeability,  the  flux 
from  the  pole-face  could  be  regarded  as  being  of  the  same 
value  as  at  no-load,  but  distributed  differently,  as  shown  by 
the  figure  ABGH.  But  the  increased  flux-density  at  the 
forward  pole-horn  causes  the  permeability  of  the  teeth  at  this, 
point  to  have  a  much  lower  value  than  they  have  with  the  flux- 
density  B^^  while,  on  the  other  hand,  the  permeability  of  the 
teeth  under  the  hindward  horn  has  increased  on  account  of  the 
diminished  flux-density  in  them.  As  a  result,  the  line  H  F  G 
takes  a  bent  form  as  shown  by  the  curve  K  L  ;  and  the  shape 
of  this  curve  is  the  same  as  that  of  the  saturation  curve  over 
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this  range.  As  can  readily  be  seen  from  the  figure,  the  area 
A  K  L  B  is  considerably  less  than  the  area  A  H  G  B,  that  is, 
there  is  a  diminution  of  the  useful  flux  N^,  and  consequently  a 
corresponding  pressure-drop,  and  the  diminution  will  be  as 
a  rule  greater,  the  greater  the  flux-densities  in  the  teeth. 

One  way  of  estimating  the  number  of  compensating 
ampere-turns  required  to  overcome  the  effect  *  produced  by 
the  distortion  of  the  useful  field  is  as  follows.     In  Fig.  388  let 


Fig.  388. 


O  L  be  the  saturation  curve  of  the  machine,  the  ampere-turns 
required  for  no-load,  and  for  the  full-load  induced  electro- 
motive force  on  no-load  (and,  therefore,  without  the  extra 
allowance  for  distortion),  being  set  off  upon  its  scale  of 
abscissae  O  X  as  Xi  and  X3  respectively,  these  being  esti- 
mated as  shown  above.     Now  mark  off 

OA  =  X3-X   •  0B  =  X3  +  X^ 


r 
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upon  O  X.  The  point  A  then  represents  the  hindward  pole- 
horn,  and  point  B  the  forward  pole-horn.  Had  distortion 
been  absent,  the  ampere-turns  required  to  produce  Ei  volts 
would  have  produced  a  flux  across  the  gap  proportional  to 
the  area  of  the  piece  A  B  C  D.  But  as  distortion  is  present, 
the  flux  is  proportional  to  the  smaller  area  A  B  L  K.  All  we 
have  to  do  now  is  to  shift  the  point  F  higher  up  the  curve  to 
a  point  such  as  F,  so  that  the  area  A'  B'  L'  K'  becomes  equal 
to  the  area  A  B  C  D.     This  gives  a  new  point  X4  along  O  X, 


AWPgRfl-TURHp   PtW  PAm  OF   POLE» 


Fig.  389, 

representing  the  full-load  ampere-turns  required.  Conse- 
quently, we  see  that,  if  the  machine  is  compound-wound,  the 
series  ampere-turns  must  be  X4  —  Xi,  and  the  shunt-turns  Xi 
in  order  that  the  terminal  volts  may  be  O  V  at  full-load.  If 
a  shunt  machine,  the  resistance  of  the  shunt  rheostat  must  be 
capable  of  reducing  X4  ampere-turns  to  Xi  ampere-turns,  if 
the  machine  had  no  shunt  resistance,  then  the  drop  from  full- 
load  to  no-load  would  be  (O  E2  —  O  V)  at  constant  speed. 

It  is  unnecessary  to  say  that  the  above  methods  of  prede- 
termining the  pressure-drop  and  amount  of  compounding  will 
not   give  an   exact   result.     Such   a   result  would   be  quite 
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impossible  to  arrive  at  by  any  process  of  calculation  only 
and  as  a  matter  of  fact  great  accuracy  is  not  required.  If  the 
machine  is  shunt-wound,  the  regulating  rheostat  will  in  practice 
have  sufficient  margin  each  way  to  cover  the  inaccuracy,  while 
compound  windings  are  in  practice  adjusted  in  the  test-room  by 
the  method  of  experiment.  It  becomes,  therefore,  necessary 
only  to  predetermine  the  pressure-drop  from  the  point  of  view 
of  the  winding  space  required  on  the  magnet  bobbins,  and 
from  this  point  of  view  the  above  method  will  be  found  to 
give  extremely  good  results. 

Resistance  of  Shunt  Regulator. — Knowing  the  values  of 
Xi  and  X4  as  found  above  (Xi  and  X3  for  machines  having 
smooth  core-armatures)  it  is  a  simple  matter  to  determine  the 
necessary  resistance  for  the  shunt  regulator.  Let,  in  Fig.  389, 
O  C  be  the  no-load  curve  of  the  machine,  the  no-load  and  full- 
load  ampere-turns  being  given  by  Xj  and  X4,  respectively. 
Then  we  have  to  find  the  value  of  shunt  regulating  resistance 
in  order  that  the  machine  may  deliver  current  at  the  constant 
electromotive-force  O  V  ;  it  being  assumed  that  the  regulator 
is  to  be  short-circuited  at  full-load.  First,  obtain  the  points 
P  and  Q  by  projection,  and  join  O  P  and  O  Q. 

Let  the  number  of  shunt  turns  be  denoted  by  Sx;i^ 

Then  shunt  current  at  no-load  =  Xi  -r-  S,^ ; 

and       „       „      „  full     „   =  X^  -r-  S,;^ ;  hence 

^„=S,^.^OL?  =  tanaa, 

Sm  X  O  E      ^ 

rsh  +  rr  = ^ =  tan  aj. 

Along  O  X  mark  off  a  piece  O  R  equal  to  the  number  of 
shunt  turns  S^  and  to  the  same  scale  as  X,  and  X4,  etc.  Erect 
a  perpendicular  R  T.     Then 

rsh      _  RS 
r,j,  +  r^  -  RT  • 

That  is  (RT  — RS)  gives  directly  the  value  of  r^in  ohms^ 
it  being  read  off  from  the  scale  of  electromotive-force,  as 
indicated  by  the  figure. 


Losses^  Heating,  and  Pressure-Drop.         531 

In  Chapter  XXVI.  on  Regulating  Rheostats  will  be  found 
some  useful  methods  for  designing  these  appliances,  and  a 
Table  of  the  alloys  suitable  for  their  construction. 

The  Adjusting  Shunt. — To  adjust  the  operation  of  com- 
pounding coils,  they  are  often  shunted  with  an  iron  resistance. 
As  the  load  rises  this  shunt  heats,  and  its  resistance  rises 
relatively  to  the  compounding  coils  of  copper,  so  increasing 
the  compounding  at  the  maximum  load. 

Inherent  Regulation. — One  way  of  considering  the  regu- 
lating properties  of  a  machine,  is  to  observe  by  experiment 
(or  calculate  from  the  saturation-curve)  how  many  volts  the 
potential  will  rise  if,  being  excited  with  the  full  ampere-turns 
necessary  to  give  no-load  voltage  at  the  terminals  under  full- 
load,  the  excitation  is  maintained,  but  the  load  taken  off  the 
armature.  The  resulting  percentage  rise  of  voltage  may  be 
called  the  inherent  regulation,  as  distinguished  from  pressure* 
drop. 
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CHAPTER   XVIII. 

THE  DESIGN  OF  CONTINUOUS-CURRENT  DYNAMOS. 

Dynamo  design  is  an  art  not  to  be  acquired  without 
practice  and  experience  ;  and  like  other  branches  of  engineer- 
ing design  it  reposes  upon  fundamental  scientific  principles, 
which  can  be  laid  down  definitely,  and  taught  with  precision. 
But  in  the  application  of  them  in  design  to  meet  the  varied 
needs  of  an  ever  expanding  industry  there  is  wide  scope  for 
choice  and  for  individual  preference.  Time  and  experience 
have  indeed  taught  the  general  lines  along  which  dynamo 
design  must  proceed.  But  no  one  yet  ever  designed  a  suc- 
cessful dynamo  by  mere  rules.  A  grasp  of  principles,  elec- 
trical and  mechanical ;  a  knowledge  of  machinery  and  its 
construction  ;  an  acquaintance  with  the  successful  forms  that 
exist ;  and  a  perception  of  the  reasons  why  they  are 
successful ; — these  and  many  other  things  are  requisite  in  the 
designer  who  is  to  produce  machines  that  will  hold  their  own 
in  the  competition  of  to-day.  The  art  of  design  needs  the 
eye  to  see  as  well  as  the  mind  to  understand. 

The  calculations  and  formulae  required  by  the  dynamo 
designer  have  been  already  mostly  given  and  explained  in 
the  preceding  Chapters.  A  careful  study  of  these,  and  the 
detailed  calculations  given  of  the  representative  machines 
in  the  present  chapter,  will  make  the  methods  adopted 
in  designing  continuous-current  dynamos  sufficiently  clear. 
Beyond  giving  a  number  of  working  data,  and  an  order  of 
working  that  may  be  adopted  in  designing,  we  shall  rely  upon 
the  worked-out  examples  of  the  succeeding  chapter  to  give 
the  reader  an  insight  into  the  methods  of  dynamo  design. 
Il   would  be  useless  to  do  otherwise,  as  so  much  depends 
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upon  the  skill  and  experience  of  the  designer,  the  type  of 
the  machine,  and  the  conditions  of  the  specification  as  to 
speed,  output,  voltage,  regulation,  and  heating  limits  to 
which  he  is  obliged  to  conform,  that  no  hard-and-fast  rules 
applicable  to  every  case  can  possibly  be  given.  The  follow- 
ing remarks  and  working  constants  are  to  be  taken  as  apply- 
ing only  to  modern  machines  of  fair  and  large  sizes — that  is, 
to  slotted  drum  armatures  with  multipolar  field-magnets> 
which  are  assumed  throughout,  except  where  anything  is 
explicitly  said  relating  to  other  types. 

There  are  two  principal  ways  of  designing  a  dynamo  to 
fulfil  specified  conditions  as  to  freedom  from  sparking,  heat- 
ing and  efficiency  ;  the  output,  speed  and  voltage  being 
assumed  to  be  the  same  in  each  case*  With  a  given  number 
of  poles  on  the  field-magnet  frame,  and  of  conductors  upon 
the  armature,  the  effects  of  armature  reaction  may  be  kept 
down  either  (i)  by  working  the  teeth  at  normal  flux-densities 
(say  100,000  lines  per  square  inch,  and  under)  and  with  a 
wide  air-gap,  or  (2)  by  forcing  the  magnetism  of  the  teeth  to 
values  exceeding  1 10,000  lines  per  square  inch,  and  working 
with  a  smaller  air-gap;  the  high  reluctance  of  the  teeth 
with  such  large  magnetic  densities  acting  like  an  exten- 
sion of  the  air-gap.  The  former  method  corresponds  to 
Continental  practice,  and  the  latter  to  American  practice  in 
continuous-current  dynamo  building.  It  would  appear  that 
che  second  method  is  considerably  the  better  from  the  point 
of  view  of  avoidance  of  sparking  (both  being  the  same  with 
regard  to  efficiency  and  heating),  and  therefore  we  adopt  it 
here,  as  giving  a  better  commercial  machine. 

There  is  another  aspect  in  which  the  plans  followed  in 
designing  may  differ.  One  may  begin  by  following  general 
experience  as  to  speeds,  sizes  and  electrical  proportions,  and 
having  proceeded  to  sketch  out  the  main  features  of  the 
design,  may  then  proceed  to  calculate  the  power  wasted  as 
heat  in  the  various  parts,  and  so  estimate  the  efficiency,  and 
then,  after  so  finding  the  various  items  of  heat-waste,  return 
and  amend  the  first  calculations  according  as  to  whether  we 
have  found  any  part  to  heat  too  much  or  too  little.      Or, 


534  DynamthEUclric  Mcukinery. 

instead,  one  may  begin,  as  the  result  of  experience,  to  as- 
sume and  allot  in  advance  the  various  permissible  losses  of 
power  in  the  various  parts — so  many  watts  in  the  iron  core, 
so  many  in  the  armature  copper,  so  many  in  the  field-magnet 
coils.  One  will  then  have  a  definite  idea  as  to  how  much 
cooling  surface  will  be  necessary,  and  what  will  be  the  allow- 
able current-densities  in  the  copper  and  flux-densities  in  the 
iron.  This  procedure  settles  many  points  in  advance.  Similar 
considerations  have  long  governed  the  design  of  transformers, 
and  their  advantage  has  gradually  been  acknowledged  by 
dynamo  designers.  If  the  permissible  losses  are  thus  gene- 
rally assumed  in  advance,  and  the  designer  concentrates  his 
efforts  on  the  securing  of  perfect  sparkless  commutation,  he 
will  generally  find  that  such  a  design  is  satisfactory  from  the 
efficiency  point  of  view.  Whereas  if  he  assumes  generalities 
about  commutation  and  concentrates  his  attention  only  on 
the  questions  of  efficiency,  he  may  find  his  desig^n  very 
unsatisfactory  from  the  point  of  view  of  faultless  performance. 
The  development  of  the  subject  of  late  has  much  simplified 
the  preliminary  procedure ;  and  though  detailed  calculations 
need  to  be  repeated  to  observe  the  effect  of  small  modifica- 
tions, there  ought  now  to  be  no  uncertainty  about  the  main 
features  of  any  required  design. 

In  another  respect  also  dynamo  design  has  developed. 
Formerly  the  dynamo  designer  built  his  machines  without 
knowing  the  precise  voltage  which  they  would  give  at  any 
particular  speed,  and  left  the  speed  to  be  determined  by  trial 
after  the  machine  should  have  been  completed;  then  adding  a 
pulley  of  such  size  as  would  suit  the  conditions  ol  driving. 
But  now-a-days,  when  nearly  all  dynamos  are  direct-driven 
from  engine  or  turbine,  the  speed  is  prescribed  beforehand  by 
conditions  fixed  by  the  steam-engine  builder  or  the  turbine- 
constructor.  Therefore  now  all  dynamo  design  proceeds  on 
the  supposition  of  a  prescribed  speed,  a  prescribed  voltage 
and  a  prescribed  normal  output  of  current 
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Relation  of  Size  to  Output  and  Speed. 

Speeds, — In  designing  a  series  of  dynamos  of  different 
outputs  from  small  to  large,  it  must  be  remembered  that 
engine-conditions  govern  the  selection  of  speeds,  and  that  it 
will  not  do  to  assume  that  a  i  coo-kilowatt  dynamo  can  run 
at  the  same  speed  as  a  lo-kilowatt  dynamo.  Neither  will 
it  do  to  assume  that  the  speed  may  be  varied  inversely  *  as 
the  number  of  kilowatts.  A  rule  more  near  to  practice  is 
that  in  a  series  of  steam-engines  of  given  type,  the  speeds 
vary  about  inversely  to  the  square  root  of  the  normal  full- 
load.  If  a  10  horse-power  engine  runs  at  800  revolutions  per 
minute,  then  an  engine  of  1000  horse-power  will  not  run  at 
ritr  ^f  ^^  speed,  but  at  about  -j^  of  the  speed,  namely  80 
revolutions  per  minute. 

As  for  the  relation  between  the  size  of  the  armature  and 
the  speed,  it  must  be  remembered  that  for  a  given  angular 
velocity  the  centrifugal  force  per  pound  of  matter  at  the 
periphery  is  directly  proportional  to  the  radius  ;  while  for  a 
given  peripheral  velocity  the  centrifugal  force  per  pound  of 
matter  at  the  periphery  is  inversely  proportional  to  the  radius. 
Considerations  as  to  binding  wires,  and  ability  generally  to 
withstand  centrifugal  strains  will  therefore  dictate  that  ma- 
chines of  large  diameter  must  run  with  a  lower  number  of 
revolutions  per  minute,  but  may  run  with  higher  peripheral 
speeds  than  those  of  smaller  diameter.  In  fact  the  customary 
peripheral  speeds  may  be  expressed  by  some  such  formula  as 

peripheral  speed  (in  ft.  per  min.)  =  ^  X  ,       —7  ; 

where  a  and  b  are  coefficients,  of  which  the  values  are  for  a 
about  4500,  and  for  b  from  150  to  300.     Some  makers  adopt 

>  If  this  might  be  assumed,  the  design  of  a  series  of  dynamos  would  be  much 
simplified,  as  the  late  Prof.  S.  H.  Short  has  shown,  since  then  all  armatures  might 
be  made  of  same  axial  length,  and  all  field-magnet  poles  of  same  size,  the  number 
of  them  being  simply  increased,  4,  6,  8,  10,  12  or  more,  in  simple  proportion  to 
the  required  normal  output. 


53^ 


Dynamo-Electric  Machinery. 


designs  outside  these   limits  ;   but  the  majority  fall  within. 
They  yield  the  following  values  : — 


1 
Kilowatts    . 

1 

50 

100 

2CX> 

i8oo 
to 

2570 

■ 

300 

2250 

to 
3000 

400 

2570 

to 

3270 

500 

1000 

3450 

to 

3900 

1500 

3750 

to 
4100 

2000 

Peripheral 
speed  in  feet  i 
per  min.       ' 

1 

640 
to 
1125 

1 125 

10 

1800 

2810 

to 

3450 

3900 

to 

4180 

These  are  safe  numbers  to  use  in  preliminary  design  ;  but 
it  must  not  be  assumed  that  an  experienced  designer  will  not 
go  outside  them.  In  fact  there  are  two  classes  of  machines 
in  which  of  necessity  the  peripheral  speeds  lie  outside  these 
limits,  namely  (i)  steam-turbine  dynamoSy  in  which  the  peri- 
pheral speeds  go  far  above ;  and  (2)  exciters^  mounted  on  the 
shafts  of  large  alternators,  in  which  the  peripheral  speeds  are 
far  below  those  here  assigned  as  ordinary. 

Size  and  Output — It  is  customary  to  express  the  relation 
between  the  dimensions  of  an  armature  and  its  normal  output 
by  reference  to  output-coefficients.  The  output  of  an  armature 
of  a  given  size,  running  at  a  given  speed  in  magnetic  fields  of 
a  given  intensity,  is  nearly  independent  of  the  number  of  poles, 
but  depends  upon  the  diameter  d  of  the  core-body  and  upon 
the  length  /  (i>.  the  gross  length  between  the  core-heads)  of 
the  core-body  parallel  to  the  axis.  It  is  found  in  practice 
that  the  permissible  normal  output  (fixed  by  considerations  of 
heating  and  of  sparkless  collection)  is  not  strictly  proportional 
either  to  the  volume  of  the  armature,  or  to  its  peripheral 
surface.  The  formulae  that  have  found  favour  for  preliminary 
design  are  of  two  kinds,  being  based  on  the  assumption  that 
the  output  of  an  armature  can  be  expressed  in  terms  of  volume 
or  of  surface.      Of  the  first  kind  is  the  formula  of  Esson,^ 

*  Esson  :  On  the  Design  of  Multipolar  Dynamos^  Joum,  Inst.  Elec.  Engineers^ 
XX.  272,  April  9,  1891,  where  the  matter  is  given  in  the  form  : — 

Watts  =  0*072  d^ln 
for  drums  ;  or  for  ring-armatures 

Watts  =  0-048  r/'/ff; 

where  d  and  /  are  in  centimetres  and  n  is  the  revolutions  per  second.  This  formfila 
Esson  deduced  on  the  assumption  that  «B^  =  5000,  and  that  the  ratio  of  pole-aic 
to  pole-pitch  is  0*71. 
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which  puts  the  product  cP  I  ^s  proportional  to  the  output  and 
inversely  proportional  to  the  speed.  Of  the  second  kind  is 
the  formula  of  Steinmetz,*  which  takes  the  product  rf/  as 
proportional  to  the  output  simply.  In  each  case  then,  the 
quantities  are  connected  by  an  output  coefficient ;  and  in  each 
case  the  coefficient  is  not  a  constant,  but  varies  for  different 
types  and  sizes  of  machine.* 

Essoiis  Coefficient — Following  Esson,  we  may  state  the 
relation  in  the  following  manner : — 

d^l^  kX  ^-^ — ^  ;  .         [I] 

revs,  per  mm. 

where  k  is  the  output  coefficient  As  machines  were  con- 
structed in  1 89 1,  the  value  of  k  when  d  and  /  are  expressed  in 
inches  was  about  76,200  for  drum-armatures,  and  about  51,000 
for  elongated  ring-armatures.  With  the  improvements  of  time 
machines  of  equal  output  can  now  be  made  to  give  the  same 
output  at  the  same  speed,  and  the  most  recent  values  are 
considerably  lower. 

According  to  E.  K.  Scott  ^  modern    practice   yields  the 
following  values : — 

Largest  fly-wheel  dynamos  .....  30,000 

Large  multipolar        ,,                33»oc>o 

Small        „                „                55»o«> 

Large  bipolar              ,,                70,000 

Small      „                   „                140,000. 

A  formula  given  by  Kapp  *  is  equivalent  to  the  above,  and 

*  See  the  author's  Polyphase  Currents  (edition  1901),  p.  262. 

'  Rothert  puts  this  formula  into  the  shape  also  used  by  Fischer- Hinnen  : 

a 


y      EC 


where  A  is  proportional  to  the  cube^root  of  the  constant  k,  and  A  stands  for  the 
ratio  //d,  which  is  assumed  from  the  number  of  poles. 

*  Jbum.  Inst.  Elec.  Engineers^  xxxii.  362,  1903. 

*  EUktromechanische  Konstruktionen^  Berlin,  1902,  p.  16,  where  the  formula 
is  given  as  : — 

Kilowatts  =  C  (— y .  /  [-\  ; 
\ioo/       \ioo/ 

where  d  and  /  are  in  centimetres ;   U  the  revs,  per  min.  ;  and  C  a  factor  which 
varies  from  0*5  for  small  ring  machines  to  2*5  for  large  drum  machines. 
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yields  values  for  the  coefficient  varying  from  25,ocx)  for  large 
drum  machines  to  125,000  for  small  ring  machines. 

The  value  of  k  is  by  no  means  a  constant,  even  for 
machines  of  similar  type  by  the  same  makers,  but  varies  (for 
reasons  which  will  later  be  explained)  with  the  size  of  machine. 
By  the  kindness  of  Mr.  Kolben  the  author  is  able  to  give  in 
Fig.  390  a  diagram  which  shows  the  variations  found  in  a 
standard  series  of  machines  constructed  by  Kolben  &  Co. 
It  appears  *  that  for  a  10  ^  machine  k  =  65,000 ;  for  a 
100  kw  machine  k  =  42,000 ;   for   a  275    kw  machine  k  = 
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Fig.  390. — Variations  of  Output  Coefficient. 
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30,000.  Mr.  Blood  of  Boston  uses  as  a  criterion  the  figure 
30,000,  and  considers  machines  over-rated  if  k  falls  below  the 
value  30,000. 

Steinnietz^s  Coefficient — The  simplest  of  all  such  empirical 
rules  is  that  of  Steinmetz,  that  the  product  of  the  diameter  of 
the  iron  core-body  into  its  length  is  proportional  to  the  output 
Accordingly,  we  have  the  relation  : — 

dl^  <r  X  kw\  .  .         [II] 

*  See  also  the  remarks  by  Eborall,  Mavor  and  Ledward  in  the  discnssion  of 
the  papers  of  Mr.  Esson  and  Mr.  Scott  in  Journ^  Inst,  Elee,  Engineers^  xxxii. 
302-469,  1903. 
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where,  if  d  and  /  are  expressed  in  inches  the  value  of  <t  the 
Steinmetz  coefficient  will  not  differ  much  from  3.  In  old 
machines  and  machines  of  relatively  small  output,  or  of  slow 
speed,  the  value  ^  of  a  may  go  up  to  5  or  6 ;  for  large  and 
well-designed  machines  it  may  fall  below  2.  Of  the  various 
machines  mentioned  in  this  book  the  lowest  value  of  <r  is  i  •44, 
being  that  of  the  Hobart  design  of  1600  kw.  p.  695,  while 
the  highest  is  13*4,  being  that  of  the  very  slow-speed  exciter 
of  Kolben  &  Co.,  p.  673. 

Ratio  of  Diameter  to  Length, — Having  thus  obtained,  by 
one  or  other  of  the  above  rules,  a  trial-value  for  a  product 

*  If  d  and  /  are  given  in  millimetres,  the  values  of  v  will  range  at  about  2000, 
g<nng  down  in  large  modem  machines  to  1250,  or  going  up  in  small  and  slow-speed 
machines  to  3500  or  4000. 

There  is  a  rational  basis  for  this  Steinmetz  coefficient,  for  if  it  is  assumed  that 
there  is  a  best  anrerage  peripheral  speed  for  the  conductors  moving  in  a  field  of 
best  average  density,  and  thaL  there  la  a  fixed  limit  of  temperature  rise  and  a  fixed 
ratio  for  the  armature  losses  to  the  normal  output,  then  the  output  ought  to  bear 
a  constant  ratio  to  the  working  surface  of  the  armature — therefore  proportional 
to  ^  X  /. 

Let  z/  be  the  peripheral  speed  in  inches  per  second,  B  the  average  flux-density 
(in  lines  per  square  inch)  in  the  air-gap,  ^  the  ratio  of  pole-span  to  pole-pitch, 
W  the  full-load  output  in  kilowatts,  q  the  number  of  ampere-conductors  per  inch 
periphery,  then  the  total  polar  area  surrounding  the  armature  isvX^x/X^ 
square  inches.  Now  all  the  work  done  by  the  machine  takes  place  under  the 
poles ;  and  we  may  write 

Work  done  per  second  =  peripheral  force  X  peripheral  velocity, 

which  may  be  written 

Output  =  force  per  unit  surface  X  total  active  surface  X  peripheral  velocity, 

or 

=  Bx.^X^Xir><^X/xz/  (ergs  per  second). 

W=Bx^X^XirX</x/x«'+  10"  (kilowatts). 

Now  assigning  to  B,  ^,  ^,  and  v  the  respective  average  values  50,000,  600,  0*7, 
and  500,  values  which  are  found  in  good  non-sparking  machines,  this  becomes 

W  =  o*33  x  </x  /, 
whence 

3'03  =  </x /-4-W, 

thus  arriving  rationally  at  the  Steinmetz  formula.  Moreover,  as  the  value  of  the 
constant  was  fixed  by  non-sparking  conditions,  it  is  clear  that  the  limit  of  the 
output  of  the  machine  depends  on  heating  alone  ;  ^  x  /  being  a  measure  of  the 
cooling  surface.     Thu)  under  the  assumption  (which  is  found  to  be  true  in  prac- 
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containing  d  and  /,  it  remains  to  separate  out  the  two 
factors.  One  method  of  doing  this  is  to  take  the  highest 
permissible  surface  speed  ;  divide  it  by  the  number  of  revolu- 
tions per  minute  and  by  7r,  thus  getting  the  largest  permissible 
diameter  as  one  of  the  desired  factors.  Another  guide, 
assuming  the  number  of  poles  to  be  fixed,  is  to  assume  as  a 
fair  rule  for  cast-steel  pole-cores  of  circular  section  that  the 
length  of  the  armature-core  will  be  equal  to  half  the  pole- 
pitch  at  the  armature  surface ;  in  which  case  the  ratio 
d\l  =r  2//ir  ;  whence  /  =  ^/tt-t-  2/.  Inserting  this  value  in 
[i]  and  in  [2]  we  get  the  following : — 


r.p.m,        4/* ' 


tice)  that  the  limit  to  the  ootput  of  machines  of  this  tjrpe  is  put  by  heating,  not  \tj 
sparking,  it  follows  that  the  value  of  the  constant  depends  almost  entirely  on  the 
peripheral  sf»etd.  That  is  part  of  the  reason  for  the  differences  observed  in  the 
examples  given  above,  and  furnishes  a  strong  argument  in  favour  of  kigk  peripkerai 
speeds,  and  therefore  of  armatures  tending  toward  the  fly-wheel  type. 

Kapp*s  rule  given  above,  if  transformed  in  terms  of  British  units  {d  and  /  in 
inches^  and  peripheral  speed  v  in  feet  per  minute),  comes  to  this: — 

</x/=  Wx-; 

V 

where  W  is  the  full-load  output  in  kilowatts,  and  c  a  coefficient  which  varies  be- 
tween the  values  of  35,000  for  small  ring- wound  machines  and  slow-speed  machines 
down  to  7000  for  large  well-ventilated  drum-machines. 


Kilowatts. 

Siehunets 
CoefficicDC. 

Multipolar  generator,  EogL  £1.  Mfg.  Co.,  p.  691 

1 100 

1*96 

,        Hobart's  design,  p.  695 

1600 

1-44 

»                     »>                               •         • 

400 

3*7 

,         Siemens  &  Halske,  p.  699  . 

1000 

2' 16 

,         Brown,  Boveri  &  Co.,  p.  609 

480 

2' 25 

,                   „            „          p.  660         . 

194 

3-47 

,         Kolben  &  Co.,  p.  671 

250 

4-3S 

,         Walker  Co.,  p.  595     . 

,      440 

3-6 

,        Gen.  Elect.  Co.,  p.  678 

i      550 

3'57 

Bipolar             , 

,        Johnson  &  Phillips  (1887)  p.  621  . 

'          21 

1 

8-4 
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and 

«  _^  kw  X  2pcr  ^  -J  _  kw  X  TTO- , 

TT         *  2/       ' 

from  either  of  which  J  and  /  can  be  determined. 

If  the  pole-cores  are  to  be  constructed  of  stampings,  then, 
assuming  that  /  will  be  equal  to  the  pole-span,  and  that  the 
latter  is  equal  to  the  pole-pitch  multiplied  by  the  coefficient 
•^  (of  about  0'7  in  value),  then  /  =  ^tt*^  -t/,  and  similarly 
inserting  in  [i]  and  [2]  we  deduce  : — 


and 


r,p,m.           p"^ 

»,      kw  X  pa- 
»   = f-  ; 

TT  Y 

n      kw  X  TT  <ri/r 

Rational  Formula  for  Output, — As  the  author  has  else- 
where ^  shown,  a  formula  involving  no  arbitrary  constants  can 
be  deduced  from  first  principles.  In  the  following  argument  B^ 
stands  for  the  mean  flux-density  at  the  pole-face,  /  for  the 
gross  length  of  the  armature-core,  which  is  taken  as  equal  to 
the  length  of  the  pole-face  from  front  to  back  ;  1^  the  ratio  of 
the  equivalent  pole-span  to  the  pole-pitch  ;  qi  the  number  of 
ampere-conductors  per  unit  length  of  periphery  or  "  specific 
load."  Then,  since  the  flux  from  one  pole  is  equal  to  B^  multi- 
plied by  the  pole-face  area,  we  have :  — 

H  =i  Bj^  X  d  X  IT  X  -it  X  I  -^  p. 

Further,  if  C  be  the  whole  current  of  the  armature,  and  c  the 
number  of  armature  circuits,  C  -f  ^  is  the  current  in  one 
conductor.  Hence  multiplying  this  by  the  number  of  con- 
ductors Z  we  find  the  whole  number  of  ampere-conductors  all 
round  the  armature,  which  we  may  equate  to  the  product  of 
qi  into  the  periphery,  and  so  deduce  : — 

Z  =  ^iX^X7rX^-rC. 

Now,  the  general   formula   for  continuous-current  machines 
see  [I^]  p.  282)  may  be  written 

J,  ^  ;)       r./.;;/.  ^  2  X  N  .M0«. 
c         00 

*  Journ.  Eke.  Inst.  Engineers^  xxxii.  445,  Jan.  1903. 


542  DynanuhElectric  Machinery. 

Inserting  into  this  formula  the  values  of  Z  and  N  obtained 
above,  and  writing  E  x  C  -r-  looo  =  kw^  we  get : — 

^  ^  ^  60-8  X  io^«  ^  Jw     ^         ^jji 

This  formula  *  is  equally  true  whether  inch-units  or  centimetre- 
units  are  adopted.  It  shows  at  once  why  the  output-coeffi- 
cient K  (p.  538),  is  not  constant.     For  it  we  may  write  : — 

d'l^K  X    ^—]  .         .  llVa] 

r.pjn.  ^        ^ 

*  From  this,  expressions  for  d  may  be  deduced  by  assuming  suitable  values 
for  ^//. 

For  cylindrical  cast-steel  pole  machines,  where  /=  ar  -^  2/, 

dss  7200  X  A.  / *^        T  (JJ^  ">cli  measures) ; 

A/   r./.w.  X  B^  X  ^1  X  »|> 

or  for  laminated  pole-cores  giving  square  face,  where  /  =  </»  ^  •*-  / 

^'  '      'V  r.p.m,  X  B^  X  jTi  X  !f* 

For  a  discussion  of  the  d*  I  formula,  see  Arnold  in  Electrot.  Zeitschr.^  xxiv. 
285,  Ap.  6,  1903 ;  and  Rothert,  Und,  xxiv.  405,  May  21,  1903.  Arnold 
remarks  that  the  constant  k  may  be  lowered  by  the  use  of  a  larger  quantity  of 
copper  on  the  field-magnet.  Rothert  observes  that  the  smaller  k  the  smaller  will 
be  the  pole-surface,  and  the  higher  will  be  the  flux-density  in  the  gap,  and  that 
necessitates  longer  and  heavier  poles.  This  is  the  explanation  of  the  paradox  that 
for  small  4-pole  machines  of  less  than  3  or  5  kilowatts,  the  armature  must  be 
designed  large  if  the  whole  machine  is  to  be  made  small.  In  a  series  of  machines 
the  constant  does  not  necessarily  diminish  as  the  kilowatts  increase,  because  at 
the  point  where  one  changes  from  a  4-pole  machine  to  a  6-pole  machine,  the  gap- 
density  in  the  small  6-pole  machine  will  be  lower  than  that  in  the  4-pole  machine 
of  equal  normal  output,  and  for  the  former  the  value  of  k  will  be  greater,  not  less, 
than  for  the  latter.  Rothert  gives  for  the  value  of  k  for  a  loo-kilowatt  machine, 
350,000,  when  d  and  /  are  in  centimetres ;  for  a  looo-kilowatt  machine  at  180 
revs,  per  min.,  270,000.  In  these  calculations  the  /  is  taken  by  Rothert  not  as 
the  gross  length  between  the  core-heads,  but  as  the  gross  length  less  the  air-ducts. 
As  he  recommends  in  design  a  gap-density  of  11,200  to  12,300  lines  per  square 
centimetre  (corresponding  to  B^  =  72,000  to  89,000  per  square  inch),  and  a  value 
of  ^1  exceeding  650  amperes  per  inch  periphery,  his  machines  are  unusually  small 
for  their  output. 

Another  discussion  of  output  formulae  is  by  R.  Bauch,  in  the  Zeifschri/i  fur 
Elcktrotechnik  utid  Masckinenbau,  1899,  p.  463.  His  method  has  been  adopted 
by  Bradwell  in  hLs  work  Dynamo- Maschinetiy  Potsdam,  1902. 
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in  which 

6o-8  X  io^°  ^^\jv\ 

/c=-= J- .     .  .     [IV*] 

If  we  insert  typical  numerical  values,  we  may  take  B^  not  less 
than  45,000  lines  per  square  inch,  q^  not  more  than  6co  per 
inch  of  periphery,  and  ^  at  0'70.  Putting  in  these  figures 
we  find 

K  =  32,000. 

In  the  cases  mentioned  above  the  factor  k  was  found  to  be  for 
bipolar  machines  as  large  as  70,000,  or  even  higher.  It  is  clear 
that  there  is  a  bad  utilization  of  material ;  the  factors  B^  q^^ 
and  -^  of  the  divisor  being  low.  The  reason  why  (as  is  seen 
in  the  curve  Fig.  390)  the  factor  k  is  smaller  for  large 
machines  than  for  small  ones,  is  that  in  the  large  machines  it 
is  possible  to  work  with  higher  pole-face  density,  or  with  a 
greater  specific  load  (per  inch  periphery)  on  the  armature. 
To  make  a  machine  that  is  small  in  volume  (and  therefore  in 
cost  of  materials)  for  its  output,  it  is  essential  that  tlie  three 
quantities  B^,  ^1,  and  -^  should  be  each  as  high  as  possible.     , 

It  is  possible  to  apply  similar  reasoning  to  find  a  rational 
value  for  <r,  the  Steinmetz  coefficient.  Writing  v  for  the 
peripheral  speed  in  feet  per  minute,  we  have  : — 

12  z/  -r-  TT  rf  =  revs,  per  min. ; 

if  d  is  in  inches.  Inserting  this  value  in  [III],  cancelling  rffrom 
both  sides  and  rearranging,  we  get 

rf"  X  r  =  0-  X  kw  \Sfd\ 

where 


IS'Q  X  10 


10 


Bj-   X  yi  X  i/r  X  Z/  •■       ■■ 


so  that  if  these  various  quantities  are  known  from  experience 
a  suitable  value  for  a  can  be  at  once  found  for  any  case  that 
may  arise,  and  so  the  proper  size  of  the  armature  may  be  at 
once  determined. 

By   inserting   appropriate  values  of   v   (see   p.   536)   in 
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the    foregoing    formula,   we    may  deduce    an    approximate 
equation 

kw  +  150 


0*  =  2  X 


These  values  are  plotted  in  the  curve,  Fig.  391.     In  practice 
mean  values  of  a  agree  with  this  curve. 

For  50>volt  machines  it  is  found  that  the  diameter  in 
inches,  is  nearly  equal  to  the  kilowatts  divided  by  the  mean 
number  of  volts  per  segment  of  the  commutator. 


zoo  ^00  600  eoo 

Fig.  391. — Curve  of  Variation  of  Stkinmetz  Coefficient. 


1000 


It  must  be  understood  clearly  that  the  application  of  such 
formulae  as  the  foregoing  is  to  obtain  trial-values  of  ^  and  / 
which  are  subject  to  modification  and  adjustment  to  meet 
subsequent  points  that  arise  in  the  design. 


Working  Constants  and  Trial  Values. 

{a)  Flux-densities. — As  average  values  for  the  magnetic 
densities  in  the  various  parts  of  the  machine  at  full-load,  we 
may  take : — 


f 
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Flux -density  in — 

Armature  body 
,9         teeth 
Air-gap    . 
Magnet  cores  . 

yoke  . 


>» 


{ 


Lines 
per  square  inch. 

60,000 
130,000 

45,oco  to  55,000 
75,000  to  100,000 
70,000  to  100,000 
35,000  to  50,000 


Material, 
sheet  iron  or  steel  stampings. 


»• 


>f 


atr. 


cast  steel  or  wrought  iron. 


i> 


i> 


if  of  cast  iron. 


For  sparkless  commutation,  the  density  in  the  armature- 
teeth  must  not  differ  very  much  from  the  above  value. 
Mr.  H.  S.  Meyer  recommends  an  apparent  density  of  140,000 
to  155,000.  The  density  in  the  armature  core-body  should  be 
less,  and  is  determined  by  the  permissible  iron-loss. 

{V)  Current  Densities. — As  an  approximate  guide  to  the 
sizes  of  the  conductors  required  for  the  different  parts,  we 
may  take : — 


Current  Densities. 
In  armature  conductors 

1 
1 

Amperes  per 
Square  Inch. 

1500 
to 

Square  Mils 
per  Ampere. 

667 

Circular  Mils 
per  Ampere. 

847 

1 

2000          I 

500 

637 

In  commutator  risers  . 

.1 

2400 
to 

^17 

531 

1 

4OOO           1 

250 

318 

In  field-magnet  coils   . 

1 
600             ; 

to 

800 

1 

1670 
1250 

2126 
159X 

The  section  is,  of  course,  finally  determined  by  the  per- 
missible heating  and  voltage-drop.  For  field-magnet  windings 
see  the  rules  in  Chapter  VII.  pp.  179  to  185  ;  if  the  cores  are 
cylindrical  and  fairly  long,  the  density  may  even  reach  1000 
amperes  per  square  inch. 

{c)  Number  of  Poles, — There  are  two  ways  of  settling  the 
appropriate  number  of  poles,  one  depending  on  the  prescribed 
speed  as  it  affects  the  frequency  of  magnetic  reversals,  the 
other  depending  on  the  prescribed  output  of  current. 

(i)  In  order  to  keep  down  the  iron  losses  the  frequency  of 
magnetic  reversal  should  be  kept  down  under  20  reversalsper 
'^  I.  2  N 
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second,  except  for  over-compounded  machines  when  22  is  a 
permissible  figure.  Excellent  machines  are  made  with  lower 
figures,  down  to  12  or  15,  but  they  will  be  heavy  for  their 
output.  Since  the  magnetism  of  any  part  of  the  armature- 
core  goes  through  a  reversal  as  it  passes  each  pole,  the  number 
of  poles  will  be  roughly  inversely  proportional  to  the  speed. 
As  a  trial  value  we  may  set : — 

^    „     1080  rxTT     T 

P  ^  .       .  .  .  \y\ci\ 

• 
(2)  The  second  criterion  *  is  the  prescribed  output  of 
current,  since,  to  avoid  sparking  troubles,  it  is  wise  not  to 
attempt  to  collect  more  ^  than  200  amperes  at  any  one  row  of 
brushes.  As  in  lap-wound  armatures  the  number  of  rows 
of  brushes  in  either  the  positive  or  the  negative  set  i^  equal 
to  the  number  of  pairs  of  poles,  the  total  number  of  rows 
of  brushes  will  be  the  same  as  the  number  of  poles.  Hence 
it  follows  that  a  trial  value  as  to  the  proper  number  of  poles 
can  be  found  by  dividing  the  prescribed  full-load  current  by 
100,  or — 

/  I  C  -MOO.         .  .         [VI*] 

Thus,  if  the  machine  is  to  give  950  amperes,  10  poles  will 
be   adequate.     (Special  machines,   such   as  electrolytic  ma- 

*  Wiener  {Practical  Calculation^  2nd  edition,  1902,  p.  287^)  advises  to  make 
tfie  choice  of  p>oles  dejxind  only  on  the  speed,  the  object  being  to  limit  the  number 
of  reversals  of  magnetization  per  second  in  the  armature-core,  and  so  keep  down 
the  armature  iron -losses.  He  states  the  number  of  cycles  per  second  at  10  to  15 
in  slow -speed  machines,  increasing  to  as  many  as  25  or  even  35  in  high-speed 
machines.  His  rule  is  equivalent  to  saying  that  for  slow-speed  machines  one  can 
find  the  appropriate  number  of  poles  by  dividing  the  number  of  revolutions  per 
minute  into  1200  or  1800,  and  taking  the  nearest  even  integer  higher  than  the 
quotient.  But  such  a  rule  leaves  out  of  sight  the  size  of  the  machine :  and  ic 
would  be  absurd  to  give  the  same  numl^r  of  poles  to  a  40-kilowatt  and  to  an 
800-kilowatt  machine,  simply  because  each  of  them  ran  at,  say,  120  revolutions 
per  minute.  Fischer- Hinnen  {Continuous-Currejit  Dynamos^  1899)  recommends 
4  poles  as  appropriate  for  machines  between  6  or  20  kilowatts  and  100  or  1 50  kilo- 
watts ;  and  6  poles  as  appropriate  up  to  200  or  300  kilowatts. 

•  Nevertheless  satisfactory  machines  exist  with  fewer  poles  than  by  this  rule  ; 
for  example,  the  Berlin  generators  of  the  A.  £.  Gesellschaft,  giving  2600  amperes 
and  having  only  iS  poles,  and  the  6-pole  generators  of  the  Oerlikon  Company, 
at  the  Volta  Company  in  Rome,  giving  1500  amperes.  Brown's  8-pole  electrolytic 
machine,  Plate  VHI.,  has  an  output  of  4000  amperes. 
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chines  and  very  slow-speed  exciters  to  be  mounted  on  the 
shafts  of  large  alternators,  are  exceptions.)  In  general  this 
rule  gives  too  few  poles  for  the  smaller  sizes,  and  too  many 
for  the  larger  sizes  of  dynamo. 

(3)  Another  criterion  is  this.  With  such  values  for  flux- 
density  as  are  taken  above,  the  armature  ampere-conductors 
per  pole,  at  full-load,  should  not  much  exceed  14,000.  To 
get  a  rough  idea  of  the  number  of  poles  required,  we  simply 
multiply  the  total  number  of  the  conductors,  Z,  around  the 
armature  by  the  full-load  current  in  each,  divide  the  product 
so  obtained  by  14,000,  and  take  the  nearest  even  integer  as  the 
number  of  poles. 

/  =  Z  X  Ci  -r  14,000.         .  .  [Vk] 

But  this  assumes  the  number  of  armature-conductors  to 
be  known.  We  may  however  use  this  rule  to  test  the  choice 
of  Z. 

(4)  Another  rule  for  finding  the  appropriate  number  of 
poles  for  large  machines  is  to  divide  the  kilowatts  by  100, 
add  3,  and  take  the  next  higher  even  number. 

{d)  Magnetic  Flux  per  Pole, — If  d,  /and  /  have  been  found, 
then  a  trial  value  for  N  can  be  obtained  by  assuming  proper 
values  for  B^  and  for  -^  (say  45.000  for  B^  and  0*75  for  •^)  ; 
since  the  pole  area  ^dxirx-^xl-^p, 

N  =  B^XrfX7rXi/rX  /-r/.  [VII^] 

The  value  so  found  will  require  adjustment  after  Z  has  been 
determined.     To  adjust  it  we  have  the  formula  : — 


//  X  z 


or,  for  wave-windings. 


^^Exrxio«  ^        ^^jj 

nxp  xZ  ^        ^ 

The  following  are  rational  formulae  of  great  use  : 

N  =   -  ^~-  -    X  50,000  X  io«     .         .         [VIl^J 
t;  X  ^  X  ^1  ^ 

2   }f  Z 
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N  =  -    -      ^'^'  X  1-91  X  lo^^         (VII^] 

r.p,m,  X  c  X  a  X  qx 

where  v  is  given  in  feet  per  min.,  and  c  is  the  number  of 
armature-paths. 

For  simple  lap-windings  with  only  2  conductors  in  the 
loop,  the  following  formula  is  accurate  if  the  average  volts  per 
segment  of  commutator  be  known  : — 

N  =  Y^^'  P^'*  "^^"^^"^  X  3000  X  lo^     [VII/] 

{e)  Number  of  Armature  Conductors, — Two  methods  lend 
themselves  to  the  fixing  of  a  trial  value  for  Z,  one  based  on 
the  diameter  and  permissible  specific  load,  the  other  on  the 
flux,  voltage  and  speed. 

If  we  adopt,  under  the  standard  conditions  of  design, 
a  permissible  specific  load  qi  (of  say  600  ampere-conductors  per 
inch  of  periphery),  and  if  there  are  c  paths  through  the  arma- 
ture, then  since  each  conductor  carries  C  -7-  r  =  Cj  amperes, 
we  shall  have  for  the  total  number  of  ampere-conductors  all 
round  the  armature 

Z  Ci  =  ^1  X  ^/  X  -TT, 

from  which  it  follows  that  Z  must  not  be  more  than 

7  _qiXdX7r_qiXdx*rrXc^     r\'TTT  i 
z,  —  -^-  —  -  -  —  —     -  J     ^\  iii^j 

or,  approximately,  Z  must  not  exceed  the  value 

Z  =  1885  ^-f-Ci  .  .         [VIII^] 

But  these  rules  give  values  that  are  often  wide  of  the  mark. 
Another,  and  for  some  purposes  better  rule  is  this: — First 
obtain  a  trial  value  for  the  magnetic  flux  N,  and  then  calculate 
Z  from  the  electromotive-force  and  speed.  Using  n  for  the 
revolutions  per  second,  and  E  as  the  volts  at  no-load,  the 
formula  for  lap-wound  armatures  is 
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Z  =  ^-^  ^^". .        .        .     [Vllk] 

For  series-parallel  wave-windings  this  becomes 

^^E  x^x  io«^  [VIII^ 

;/  X  N  x/ 

In  every  case^  the  trial-number  when  obtained  will  need  to  be 
adjusted  so  as  to  give  a  proper  multiple  for  winding. 

Example, — Required  the  proper  number  of  armature  conductors 
for  a  dynamo  MP  8  —  200  kw.  —  375  r.p.m.  —  125  v.  —  1600  a. 
Taking  the  diameter  of  armature  as  48  inches,  and  the  trial  value  for 
the  flux  N  =  4  X  io«;  by  formula  [VI 11/^],  the  value  of  Z  comes 
out  451  ;  by  [Vlllr]  it  comes  out  500.  The  actual  value  of  Z  in  the 
machine  (as  built  at  Schenectady)  was  480.  • 

(/)  Number  of  Commutator  Segments, — This  is  of  course 
equal  to  the  number  of  conductors  Z,  divided  by  2,  4,  6,  etc. ; 
in  large  machines  almost  always  equal  to  \  Z.  The  con- 
siderations which  fix  the  number  are  stated  on  pp.  482  10484. 

A  fair  rule  for  settling  the  permissible  number  of  con- 
ductors per  commutator  segment  is  that  it  must  not  exceed 
the  value 

Z^     66  X  lo*^  Pj^n 

K"^  /  X  T'^x  ql    '     ^  ' 

where  v.  is  the  peripheral  speed  in  feet  per  minute. 

Example. — In  Brown's  high  voltage  machine  /  =  9 '  85 ;  7'^  =  2740 ; 
q^  =  300.  Hence  Z/K  must  not  exceed  8*1.  The  actual  values 
were  Z  =  1416 ;  K  =  177. 

*  It  is  possible  to  assign  values  for  N  and  Z  without  first  settling  d^  by  use  of 
the  formula  

\J         r.p.m.  y.  py.qx  p 

\/  r.p.m.  xBj^X'I'X/xC^p 
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(g)  Size  of  Commutator. — As  a  rule  it  is  well  to  take  the 
diameter  of  the  commutator  at  least  |  of  that  of  the  armature. 
For  large  machines  the  diameter  should  be  even  larger  in  pro- 
portion, say  from  I2  to  i6  inches  smaller  than  the  armature. 
Using  this  as  a  trial- value,  divide  the  peripher>'  by  K  to  see 
whether  the  width  of  segment  is  suitable.  This  should  not 
be  less  than  0*2  inch  exclusive  of  che  mica  insulation,  which 
may  be  taken  as  0*030  inch.  A  mean  value  is  0*3  inch. 
Then,  assuming  that  the  carbon  brushes  will  cover  3  segments 
(or  in  high  voltage  machines  3^),  and  that  40  amperes  can  be 
collected  by  each  square  inch  of  brush,  find  from  the  current 
to  be  collected  at  each  row  of  brushes  ( =  2  X  Cj)  the  neces- 
sary net  length  and  allow  a  margin  for  the  ends  of  the  working 
face.     Sec  also  the  formulae  on  p.  484. 

The  result  so  obtained  should  be  checked  afterwards,  when 
the  watts  lost  in  commutator  heating  have  been  estimated,  by 
seeing  whether  the  surface  of  the  commutator  is  sufficiently 
large  to  dissipate  the  heat  without  undue  temperature  rise.  A 
commutator  ought  to  have  about  0"6  square  inch  of  peri- 
pheral surface  per  watt  lost  (compare  p.  520). 

(A)  Length  of  Air-Gap, — To  assign  a  proper  length  to  the 
air-gap,  it  must  be  remembered  that  the  air-gap  in  con- 
tinuous-current machines,  whether  generators  or  motors,  is 
not  a  mere  clearance  as  it  is  in  induction  motors,  but  plays 
a  definite  part  in  the  process  of  commutation.  It  is  true 
that  a  short  air-gap  permits  the  excitation .  (and  therefore 
the  cost  of  the  field-magnet)  to  be  reduced  ;  but  a  very  short 
air-gap  has  the  disadvantage  that  with  any  slight  decentring 
of  tlie  armature,  the  latter  is  subject  to  very  unequal  magnetic 
attractions  by  the  poles.  A  long  air-gap,  though  it  necessi- 
tates more  excitation  of  the  field-magnets,  is  of  advantage  in 
commutation  as  it  offers  an  obstacle  to  the  distorting  ten- 
dency of  the  reacting  ampere-turns  of  the  armature.  The 
ampere-turns  that  have  to  be  provided  on  the  magnet-pole  to 
drive  the  flux  across  the  gap  are  proportional  to  the  length  of 
the  gap,  and  if  they  are  relatively  large,  commutation  is 
better.  In  this  respect  the  ampere-turns  (on  the  magnet  core) 
which  have  to  be  provided  to    drive    the  flux  through  the 
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(highly  saturated)  teeth  are  also  helpful.  Hence  it  is  fo^nd 
that  for  satisfactory  working,  the  ampere-turns  for  gap  and 
teeth  (i.e.  that  part  of  the  excitation  provided  for  these) 
must  bear  a  certain  proportion  to  the  number  of  ampere-con- 
ductors of  the  armature  per  pole.  Now,  since  the  ampere- 
turns  needful  for  the  gap  are  proportional  to  the  gap-length  Ig 
and  to  B^,  if  one  can  assume  that  those  needful  for  the  teeth 
are  in  some  definite  proportion  to  those  needful  for  the  gap 
(for  instance  are  at  full-load  equal  to  25  percent,  of  the  latter) 
then  one  can  express  the  requisite  gap-length  in  terms  of  the 
ampere-conductors  per  pole  of  the  armature,  and  of  B^.  A 
simple  approximate  rule  is  as  follows : — 

where  /  is  a  coefficient  varying  from  about  4  to  8*5.     The 
lower  value  is  appropriate  to  the  case  where  the  saturation  of 
the  teeth  is  over  130,000  lines  per  square  inch. 
Another  rule  for  the  minimum  value  of  Ig  is : — 

4  =  o- 224  X  ^/  X  //  -f-  K  ;  .  .         [X^] 

where  /,  is  the  net  length  of  iron  in  the  armature  core.  The 
rationale  of  this  rule  is  that,  assuming  a  given  specific  load, 
and  a  given  number  of  poles,  the  reaction  per  pole  is  propor- 
tional to  the  periphery  and  therefore  to  d.  On  the  other 
hand,  if  the  field  is  of  given  density,  and  the  number  of 
ampere-conductors  round  the  armature  a  given  quantity,  com- 
mutation will  the  easier  the  greater  K  and  the  smaller  /, ; 
hence  the  smaller  K,  the  larger  must  be  made  the  field 
ampere-turns  per  pole  to  resist  distortion,  and  therefore  Ig  also 
must  be  larger. 

For  smooth-core  armatures  allow  i  inch  for  every  26,000 
armature  ampere-conductors  per  pole  ;  or,  in  symbols  : — 


*"    26000^  ■ 


[X^] 


There  is  another  consideration  to  fix  a  minimum  for  the 
air-gap,  namely  the  production  of  eddy-currents  in  the  pole- 
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faces  if  these  are  not  laminated.  For  in  such  cases  the  gap 
should  not  be  less  than  about  i^^  times  the  width  of  the  open- 
ing of  the  slot  at  the  top.  With  laminated  poles  it  may  be  less. 
In  designing  a  standard  series  of  machines  it  is  convenient 
to  remember  that  the  gap-length  may  have  a  definite  ratio  to 
the  length  of  pole  span  throughout  the  series.  With  laminated 
pole-shoes  this  may  be  t^  ,  or  with  cast  pole-shoes  -^. 

Examples, — (i.)  In  the  Oerlikon  12-pole  machine  described  on 
p.  656, // =  98i;  //=  12;  ^1  =  429; /)  =  12;  8^=56,000;  Z  = 
1326;  K  =  663;  and  Ci  =  100.  Assuming  /=  6  equation  [Xa] 
gives  for  Ig  the  value  o  *  386  ;  while  equation  [X^]  gives  o  •  4  inch ; 
and  equation  [Xf]  gives  0*423.  The  actual  value  was  o'394.  The 
slot-width  was  o  •  236.     This  is  about  ^j^sth  of  the  pole  arc. 

(t)  Assignment  of  Losses  of  Energy,  —  Losses  in  energy 
due  to  ohmic  heating  of  the  copper,  to  hysteresial  and  eddy- 
current  heating  in  the  iron,  and  to  friction,  are  inevitable. 
They  are  discussed  in  the  preceding  chapter.  Such  losses  must 
be  kept  down,  because  they  lower  the  efficiency,  and  because 
an  undue  rise  of  temperature  in  any  part  is  not  permissible. 
Experience  has  shown  that  if  a  machine  is  to  be  so  designed 
as  not  to  overheat  in  any  part,  and  to  make  the  total  loss  of 
the  minimum  value  compatible  with  economy  of  material,  its 
various  losses  must  be  rightly  apportioned  out.  The  follow- 
ing may  be  taken  as  the  apportionment  of  the  losses  in 
machines  of  diff*erent  sizes  : — 


Percentage  Losses. 

Output  in  Kilo- 
watts. 

5  to     40 

ElBciency 
per  cent. 

Arma 

Copper 
Lo&s. 

3-8 

iture. 

Iron 
Losses. 

3*2 

Magnets. 

Copper 
LoikS. 

2-5 

Commutator 
Friction  and 
Windage,    i 

1 

0-5 

Total 

Losses 

per  cent. 

10 

90 

10  ,,       60 

91 

35 

3-0 

2-1 

04 

9 

40  „     100 

92 

3-2 

2-8 

1-6 

0-4 

8 

75  »    300 

93 

2-8 

2*3 

1-55 

0  3 

7 

200  „     500 

94 

2-4 

1-8 

1-5 

0-3- 

6 

400  ,,  1000 

95 

»'9 

1-5 

i'35 

0*25 

1 

5 
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Such  a  table  would,  however,  be  misleading  unless  it  is 
borne  in  mind  that  the  values  may  vary  considerably  even  in 
machines  of  the  same  size  for  different  speeds  and  under 
different  conditions  of  working.  For  example,  a  93  per  cent, 
efficiency  is  in  general  too  high  for  a  75-kilowatt  machine, 
unless  it  is  of  very  large  size  for  its  output.  Such  tables  may 
however  be  drawn  up  with  some  accuracy  for  a  standard 
series  of  machines  of  some  one  type,  such  as  a  series  of  slow- 
speed  tramway  generators,  or  a  series  of  high-speed  lighting 
machines.  The  following  is  a  table  of  average  values  in  a 
series  of  standard  generators  built  by  Messrs.  Kolben  and  Co. 
(see  p.  671). 


i 

1 
1 

Full-Load  Losses  (in  watts). 

Output  ia 
Kilowatts. 

Speed. 

Full-Load 

Efficiency 

per  cent. 

Excitation 
Loss. 

CommutatOFp 

Friction  and 

Ventilation 

Copper 
Lo&iies. 

Iron 
Losses. 

550 

926 

800 

Loss. 

1200 

1000 

50 

1000 

100 

450 

930 

1500' 

1900 

2200 

1900 

200 

350 

93*4 

2S00 

3600 

4200 

3600 

400 

300 

94-0 

5000 

6000 

7900 

6800 

500 

100 

94*4 

5900 

6400 

9500 

8000 

750 

100 

95-0 

8000 

7100 

13500 

IIOOO 

N.B. — The  first  four  of  these  machines  are  high*speed  lighting  machines, 
suitable  for  coupling  direct  to  a  high-speed  engine,  and  the  loss  due  to  the  outer 
bearing  is  included  in  friction  losses.  The  last  two  are  slow-speed  traction 
generators ;  and  for  these  the  efficiency  figure  does  not  include  any  loss  at  the 
bearings. 


Parshall  gives  the  following  apportionment  for  a  550- 
kilowatt  tramway  generator  : — Armature  copper  2  "25  ;  arma- 
ture iron  2*25  ;  magnets  0*75  ;  commutator,  etc.,  0*75  ;  total 
6  per  cent.  Rothert  gives  for  similar  machines  : — Armature 
copper  2*7;  armature  iron  i  •  8  ;  magnets  1*5;  commutator 
0'3  ;  total  6*3  per  cent 

(y)  Calculation  of  Binding  Wires. — The  method  of 
calculation  has  already  been  laid  down  on  p.  440,  Chapter 
XIV. 
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Order  of  Procedure  in  Design. 

The  specified  conditions  to  be  fulfilled  are  that  the 
dynamo,  running  at  a  prescribed  speed  (fixed  by  the  choice 
of  engine),  shall  give  out  its  current  at  a  prescribed  voltage, 
and  that  when  running  at  normal  full-load  of  a  prescribed 
number  of  amperes  it  shall  have  a  prescribed  efficiency.^ 

The  example  which  is  here  given  is  continued  for  the 
remainder  of  this  section. 

Example. — To  design  a  tramway  generator  to  give,  at  150  revolu- 
tions per  minute,  600  amperes  at  500  volts,  the  efficiency  being  93 
per  cent. 

The  method  of  getting  out  a  preliminary  design  to  a 
given  specification  is,  therefore,  as  follows  : — 

(i)  Find  the  full-load  kilowatts  by  multiplying  together 
NXhe  volts  and  the  full-load  amperes,  and  dividing  by  1000. 

Example. — As  above,  300  kilowatts. 

(2)  Fix  a  trial-value  for  the  number  of  poles  (see  p.  546 
above). 

Example. — By  formula  [VI^z]  there  are  1080  -f- 150  =  7  poles  re 
quired  at  least.  Being  an  odd  number  this  is  impossible :  therefore 
take  8  poles.  By  formula  [VI^],  as  the  full  load  is  600  amperes,  a  6- 
pole  design  would  do  ;  but  to  be  quite  sure  of  avoiding  trouble  as  to 
sparking  let  us  take  8  poles,  so  that  with  a  parallel-wound  armature 
there  will  be  8  circuits  and  only  75  amperes  in  each  circuit,  or  150 
amperes  to  collect  at  any  one  row^  of  brushes. 

(3)  Adopt  an  output-coefficient.  To  do  this  we  may 
proceed  either  by  Esson's  or  by  Steinmetz*s  rule,  and  ascer- 
tain a  suitable  value  of  either  k  ox  a  (p.  537,  or  p.  538).  To 
ascertain  these  we  must  select  suitable  values  for  B^  q^,  yfr,  and 
V.    Then  having  found  either  rf'^/  or  d I,  put  down  a  number  of 

*  Other  details  may  be  prescribed,  for  example,  the  limit  to  which  temperature 
is  allowed  to  rise,  the  amount  to  which  the  machine  shall  be  compounded  or  over- 
compounded,  the  efficiency  at  J  or  }  load,  the  permissible  amount  of  temporary 
overload,  and  the  like. 
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trial  values  that  will  approximately  fit  these  products,  and 
test  them  by  observing  what  surface  speeds  they  correspond 
to,  and  what  proportions  as  to  pole-shape  they  yield.  From 
these  trial  values  select  the  most  satisfactory. 

Example, — Let  B^  =  45000  ;  q^  =  600 ;  i/r  =  o  •  80 ;  and,  referring 
to  P*  536,  take  provisionally  as  a  suitable  peripheral  sj^eed  2450. 
Then  by  formula  [V^],  p.  543,  the  Steinmetz  coefficient  o-  will  be  3  *  13  ; 
whence  by  formula  [V«]  we  get 

^^=  939- 

Or,  if  preferred,  by  formula  [IVa],  p.  542,  the  Esson  coefficient  k 
comes  out  at  28,100,  whence  by  formula  [IV^]  we  get 

cP  I  =z  28100  X  300  -7-  150  =  56200. 

^4)  Fix  the  value  of  d  and  /  separately,  putting  down 
some  trial-values  and  products  from  which  to  select.^ 

Example, — We  may  at  once  put  down  a  number  of  trial  values  of 
d  and  /  as  follows  : 


/ 

d 

dxl 

(T-xl 

Peripheral 
Speed 

12 

78 

936 

73,008 

3062 

14 

67 

933 

•   62,846 

2631 

15 

62 

930 

57,660 

2434 

16 

58 

928 

53.824 

2277 

18 

52 

936 

48,672 

2041 

The  diameter  which  gives  us  the  surface  speed  nearest  to  the  value 
of  2450  feet  per  minute  is  62  inches.  The  periphery  of  this  armature 
will  be  62  X  7r  =  194*75  inches.  Dividing  by  8  we  get  the  pole- 
pitch  at  the  armature  face  as  24*34,  and  as  the  pole-face  will  cover 
about  80  per  cent,  of  this,  the  pole-arc  will  be  about  19  inches  long  ; 
making  the  actual  pole-face  about  19  by  15  inches,  which  is  a  suit- 

*  Obviously,  if  we  had  adopted  outright  the  surface  speed  v  =■  2450  then, 
since  the  revolutions  per  minute  are  150,  this  would  have  fixed  d  at  62",  and  / 
would  have  followed  as  the  other  factor  15". 

Proceeding  by  Esson*s  coefficient,  the  nearest  ^/product  to  56,200,  amongst 
those  set  down,  is  57,660,  corresponding  to  a  62"  diameter.  Had  we  assumed 
that  a  square  pole-face  was  desirable,  we  might'have  applied  the  formulae  on  p.  541 , 
and  then  found  d  =  56*36".  /=  17*  7". 
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^\\fz  ^hape  i'jz  ^:lc-c^-rrs  luilt  -:,  of  sheet  iron  saniTi-higs.'     We  mav 
tike  :i  then  thai  the  vaLjes  of  ^  and  /  mill  \a:  62'  and  15"- 

^5;  Fix  a  trial  value  for  N.  The  pro\-isional  value  of  N 
is  found  by  forn:iu!ae  ATI]  given  on  p.  547. 

ExampU. — ^The  j>'^Ie-fare  beiiig  19  x  15  =  285  st^uare  inches,  if 
the  fiux-^ensitv  at  the  \yj]^-i3ice  te  taken  at  45.000  lines  per  square 
inch  /a  low  estimate  allowing  for  increase  a:  full  load),  then  N  the 
flux  from  one  pole  w:'.!  be  alout  13,000.000  lines^  The  rational 
form-lac  'VI I ^'  an-i  'VII/  zive  as  the  value  i2,Soc,ooo  lines.     Or 

k  ^  m-  ^        *^ 

by  mie  ATI/].  a^^^^jmLi^  5  volts  per  segment  of  commutator,  N  = 
12.^00,000  lines. 

(6)  Fix  the  value  of  Z.  The  formula  are  [\TIW]  and 
[Vllkl  p.  548. 

ExampU. — Byformula  ATII/].Z  =  1S85  x  62-^  75  =  1558  as  a 
maximum  not  to  be  exceeded-  By  fonnula  [Vlllr],  since  E  =  500 ; 
«=  i5o-T-6o=  2'5;  and  N  is  provisionally  13,000,000,  we  have 
Z  =  1538.  Now  if  we  desire  complete  sj'mmetr}-,  without  which  we 
cannot  use  e<^jualizing  rin^rs,  we  ou^ht  to  choose  Z  to  be  an  exact 
multiple  of  the  number  of  poltrs;  therefore  neither  1558  nor  1538 
will  do.  But  1536  is  an  even  multiple  of  8,  therefore  we  will  fix  Z 
as  1536.  Tested  by  formula  [Vlllti],  p.  548,  it  shows  that  the  specific 
load  will  be  595  amperes  jxrr  inch  peripher)-.  Let  us  ftuther  test  it  by 
rule  [Vlf).  If  Z  is  ri;rht,  that  is,  if  the  number  of  conductors  per  pole 
is  not  so  great  as  to  produce  too  great  an  armature  reaction,  then  Z 
multiplied  by  Ci  and  divided  by  /  will  not  much  exceed  14,000. 
Now  C,  =  75,  and  /  =  8  :  and  Z  x  Q  -f-/  =  i4>400>  which  is 
satistactory.     We  will  therefore  finally  fix  Z  =  1536. 

It  is  generally  necessarj*  after  thus  adjusting  Z  to  recalculate  N  by 
using  formula  [VII^] ;  but  in  the  present  case,  since  the  final  value  of 
Z,  1536,  differs  so  slit^htly  from  the  trial  value  1538,  calculated  fix)m 
N,  the  provisional  value  of  N  may  stand  confirmed. 

(7)  Fix  the  number  of  commutator  segments.  Lap- 
wound  armatures  may  have  one  segment  for  each  loop  of  two 
conductors.     Modem  practice  is  against  having  more  loops 

'  If  it  is  requircii  that  the  poles  .should  be  of  cast  steel  and  circalar  in  section, 
there  might  be  some  advantage  in  having  a  more  elongated  shape  for  the  pole- 
face,  for  example,  21^  inches  by  14  inches,  which  would  be  the  size  had  the  67>tnch 
core-disk  been  selected. 
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than  one^  per  segment,  so  as  to  keep  down  the  average 
voltage  per  segment  In  all  cases  it  is  well  to  keep  the 
number  of  segments  high. 

Example, — Z  =  1536,  or  192  conductors  per  pole.  That  makes 
96. loops  per  pole,  with  an  average  voltage  of  500-^96  =  5*2  volts 
per  loop.  As  it  is  undesirable  that  the  volts  per  segment  should  be 
unnecessarily  increased,  we  will  decide  to  have  768  segments  in  total, 
or  96  per  pole.  Arnold's  rule,  p.  483,  prescribes  as  the  minimum 
number  o*037XZxVci  where  Ci  is  the  current  in  one  conductor. 
In  this  case  we  have  0*037  x  1536  x  V75  ~  49^*  ^^^  7^^  ^^ 
above  this  number,  whereas  if  we  had  tried  having  two  loops  per 
segment  and  only  384  segments  we  should  have  gone  below  the  per- 
missible limit.  Applying  as  a  further  test  rule  [IX],  p.  549,  we  find 
that  Z/K  must  not  exceed  2  •  99.  Now  this  number  must  be  an  even 
integer,  therefore  the  only  possible  ratio  is  2. 

(8)  Fix  the  size  of  the  commutator.  The  method  is  given 
on  p.  550. 

Example, — It  being  decided  that  the  commutator  shall  have  768 
segments,  since  each  segment  cannot  be  much  less  than  o  •  2  inches 
broad,  the  commutator  will  have  to  be  at  least  154  inches  in  periphery, 
or  say  48  inches  in  diameter.  It  would  be  safer  to  allow  52  inches. 
If  a  brush  is  0*025  inch  broad;  then  since  each  brush-set  now  must 
collect  150  amperes,  the  net  length  (at  40  amperes  per  square  inch 
as  the  density)  must  be  6  •  5  j  and  allowing  a  margin,  the  working  face 
should  be  made  at  least  8  inches  in  length.  If  mica  o'030  inch  thick 
is  used,  the  width  of  the  copper  segments  at  the  face  will  be  only 
o'  187. 

(9)  Next  settle  upon  the  style  of  armature-winding, 
Modern  practice  tends  toward  preserving  the  utmost  sim- 
plicity, that  is  to  say,  it  favours  the  lap-wound  drum  executed 
as  a  barrel-winding  so  as  to  have  ample  cooling  surface,  the 
conductors  being  in  two  layers,  and  with  two,  four  or  six  con- 
ductors in  each  slot.  It  is  true  that  some  designers  still  prefer 
to  use  series-parallel  windings,  as  they  have  the  advantage  of' 
enabling  fewer  armature  conductors  to  be  used  for  the  same 

*  Fcr  a  case  to  the  contrary,  see  Brown,  Boveri  &  Co.*s  8-pole  machine, 
p.  660.  In  motors  under  50  H.P.  it  is  usual  to  have  more  than  one  turn  per 
section. 
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voltage,  and  these  conductors  are  thicker  ;  and  (as  shown  on 
p.  413)  they  give  rise,  in  case  of  irregularity  in  the  strength 
of  the  poles,  to  less  internal  heating  from  unequal  currents 
in  the  different  circuits.  Some  examples  of  designs  with 
series-parallel  windings  will  be  found  in  the  following 
machines  : — 

Kolben  &  Co/s  lo-pole,  250  kilowatt  machine,  p.  671. 
Oerlikon  Co/s  12-pole,  350  kilowatt  machine,  p.  654. 
BrowTi,  Boveri  &  Co/s  high  voltage  4-pole,  p.  753. 

At  one  time  designers  favoured  the  custom  of  adapting 
one  and  the  same  armature  core  so  that  it  could  be  wound 
with  the  same  number  of  conductors  for  125,  250,  and  500 
volts  provided  the  magnet  had  4  or  8  poles:  for  if  the  250 
volts  were  simply  a  parallel  (lap)  winding  with  as  many  circuits 
as  poles,  the  125-volt  armature  would  be  also  a  duplex 
parallel  (lap)  winding  (p.  367),  with  twice  as  many  circuits  as 
poles,  and  the  500-volt  armature  a  series-parallel  wave- 
winding  with  only  half  as  many  circuits  as  poles.  (Compare 
pp.  407  to  409.)  Those  inexperienced  in  design  are  strongly 
advised  to  avoid  wave -windings. 

Example, — We  will  therefore  choose  a  lap-winding ;  and  as  there 
are  8  poles  the  winding  pitch  will  have  to  be  selected  so  as  to  span 
about  i  of  the  periphery.  As  there  are  1536  conductors,  the  laigest 
possible  winding  pitcl]  will  be  Vj  =  1 93*^^2  =  ""^  91*  As  the  pole- 
span  is,  however,  only  about  o*8o,  the  lowest  possible  values  would 
be  V,  =  1 55,^^2  =  "-I53'  Assuming  that  the  conductors  are.placed 
6  in  a  slot  there  will  be  34  slots  to  the  pole  pitch,  and  if  the  maximum 
winding-pitch  were  selected,  this  would  require  the  coils  to  span  over 
33  teeth,  while  the  minimum  winding-pitch  would  make  them  span  over 
25  teeth.  As  a  compromise  we  will  take  it  that  they  span  over  29  teeth, 
in  which  case  the  winding-pitches  will  be  Vj  =  176,  ^'^  =  —  174. 

(10)  Find  armature  cooling  surface.  The  object  of  fixing 
the  type  of  construction  is  that  an  estimate  may  be  made  of 
the  available  cooling-surface.  For  barrel-winding  the  length 
to  which  the  oblique  end-parts  of  the  winding  extend  out  will 
be  about  equal  to  half  the  pole-pitch  on  each  side  of  the  core- 
body.     (Compare  the  various  plates.) 


r 
I 
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Example, — The  pole-pitch  is  24"  34  inches.  Adding  half  this,  or 
say  12  J  inches,  to  each  face  of  the  armature  core-body,  which  is 
already  15  inches  long,  makes  the  over-all  length  of  the  armature 
(without  the  commutator)  40  inches.  This  makes  the  total  cylindrical 
cooling  surface  62  X  tt  x  40  =  7790  square  inches. 

(11)  Next  decide  upon  the  apportionment  of  the  various 
losses.  This  might  have  been  done  at  an  earlier  stage.  The 
figures  given  on  p.  552  will  assist  in  apportioning  the  various 
losses.  The  exposed  surface  of  the  armature  should  have 
not  less  than  24  square  inches  for  each  kilowatt  of  out- 
put (see  p.  187),  otherwise  the  temperature  cannot  be  kept 
within  permissible  limits  with  these  percentages  of  loss.  If 
on  reckoning  out  the  losses  it  is  found  that  the  armature 
surface  is  insufficient,  the  armature  must  be  re-designed  of 
larger  size. 

Example, — The  efficiency  is  prescribed  to  be  93  per  cent.,  which 
allows  for  a  7  per  cent.  loss.  Allowing  i  per  cent,  for  friction,  0*75 
for  excitation,  0*75  for  commutator  loss,  there  will  remain  4J  for 
armature  loss.  Assuming  the  copper-loss  in  the  armature  to  be  2*5 
and  the  iron-loss  to  be  2  •  o  per  cent.,  or  in  total  4J  per  cent,  of  the 
output,  the  total  watts  wasted  in  the  armature  will  be  4^^  per  cent,  of 
300,000  watts,  or  13,500  watts.  The  periphery  of  armature  being 
194*75  inches  and  the  over-all  length  40  inches,  the  total  area  of  the 
cylindrical  surface  is  7790  square  inches.  Each  square  inch  must 
therefore  radiate  away  1*735  watts.  As  the,  surface  speed  is  2434 
feet  per  minute,  a  reference  to  the  curves  of  Fig.  99,  p.  187,  will 
show  a  probable  rise  of  temperature  of  45°  C.  On  this  estimate  it 
would  be  preferable  to  reduce  the  copper  loss  by  using  a  slightly 
thicker  conductor. 

According  to  the  rule  given  above,  the  surface  of  the  armature 
ought  to  be  24  times  300,  />.  7200  square  inches.  As  it  has  7790  there 
should  be  ample  surface. 

(12)  Next  we  may  settle  upon  the  number  and  dimensions 
of  the  slots.  The  former  depends  upon  the  type  of  the 
armature  winding  used  and  the  number  of  commutator  seg- 
ments. It  is  almost  universal  now-a-days  for  all  large  ma- 
chines to  wind  with  copper  strip,  two  layers  (or  sometimes 
four  layers)  deep.    But  whether  the  slot  is  made  wide  enough 
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to  carry  two,  four,  or  six  conductors  depends  on  the  condi- 
tions. Putting  four  or  six  conductors  in  one  slot  simplifies 
the  construction  and  saves  labour.  It  also  saves  some  space, 
and  should  be  adopted  if  there  is  fear  of  not  having  suffi- 
cient tooth-section  for  magnetic  purposes.  In  soo-volt 
generators  the  depth  of  the  slot  varies  from  I  to  2  inches 
or  so.  Assuming  a  proper  trial  value  for  the  current-density 
(see  p.  545)  in  the  conductors,  their  proper  section  can  be  at 
once  provisionally  assigned.  And,  if  the  grouping  has  been 
chosen,  the  necessary  area  of  each  slot  can  be  reckoned  out 
by  aid  of  a  space-factor  (p.  i6l).  It  must  then  be  considered 
whether  this  leaves  an  adequate  section  for  the  tooth.  Since 
the  average  flux-density  in  the  air-gap  is,  say,  50,000  lines  per 
square  inch,  and  the  appropriate  flux-density  in  the  teeth  is 
130.000  lines  per  square  inch,  one 
would  expect  the  teeth  to  take  up 
only  five-thirteenths  of  the  periphery. 
But  it  must  be  remembered  that  the 
iron  of  the  teeth  is  not  continuous, 
there  being  insulation,  and  often  air- 
ducts,  between  the  laminations.  In 
the  case  of  slots  with  parallel  straight 
sides  it  is  usual  to  find  the  width  of 
the  tops  of  the  teeth  about  as  great 
as,  or  slightly  narrower  than  the  width 
of  the  slots :  and  as  the  teeth  slope 
slightly  down  to  their  roots  their  mean 
width  will  be  less  than  that  of  the 
slot,  and  is  indeed  generally  about 
three-quarters  of  that  width.  The 
number  and  arrangement  of  the  con- 
ductors should  now  be  readjusted  to 
suit  winding  conditions. 


Example. — As  each  conductor  lias  to 
carry  75  amperes,  the  appropriate  section 
at  2000  amperes  per  square  inch  will  be  37,500  square  mils  (=0-037500 
square  inch).     If  we  decide  to  place  these  6  in  a  slot  the  total  copper 
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section  per  slot  will  be  0*225  square  inch.  Taking  the  space-factor 
as  o*4,  we  have  the  area  of  slot  as  0*225  -t-o*4  =  0*562  square 
inch  at  least;  and  as  there  will  be  256  slots  and  256  teeth  in  a  total 
perimeter  of  194*75  inches,  each  slot  cannot  well  be  more  than  0*38 
inch  wide,  and  each  must  be  at  least  i  •  5  inches  deep.  An  enlarged 
drawing  of  the  slot,  showing  to  scale  the  arrangements  of  conductors, 
and  insulation,  should  be  made,  as  in  Fig.  392. 

If  the  slot  is  lined  round  with  hard  fuller-board  12  mils 

thick,  and  if  the  three  conductors  separately  taped  with  a 

taping  15  mils  thick  are  wrapped  together  by  a  manila-paper 

wrapping  25  mils  thick,  the  total  breadth  of  insulation  in  the 

slot  will  be  (2   X  12)  +  (6  X  IS)  +  (2  X  25)  =  164  mils.. 

Deducting  this   from  the  slot-breadth  380   mils,  leaves  2i6- 

mils  for  the  total  breadth  of  3  copper  conductors.     Each  of 

these  must  therefore   be  72  mils  thick,  and  as  the  section- 

is  required   to   be  0*0375   sq.  inch,  the  width  of  the   strip- 

(vertical  in  the  cut)  must  be  0*0375  -4-  0*072  =  0*521  inch^ 

As  the  comers  of  the  drawn  strip  will  be  slightly  rounded 

we  may  allow  o*  525  inch.     The  contents  of  the  slot  are  thus. 

accounted  for  : — 

Width. 


3  conductors,  side  by  side,  bare 
6  thicknesses  of  tape 
2  thicknesses  of  slot  lining 
2  thicknesses  of  manila    . 


Total 


2  conductors  deep  . 
4  thicknesses  of  tapt^ 
4  manila-paper 

3  slot-lining  . 
Wedge  and  packing 

Total 


Depth 


3  X  0*072  =  o*2i6 
6  X  0*015  =  0*090 
2  X  o'oi2  =  0*024 
2  X  0*025  =  0*050 


0*380 


2  X  0*525 

4  X  0*015 
4  X  0*025 

3  X  0*0I2 


=  1*050. 

=  o*o6o' 

=  O'lOO 

=  0x36 
=  0*250 


1*496 


(13)  The  internal  diameter  of  the  core  may  now  be  fixed 
by  ascertaining  the  requisite  radial  depth  of  the  core  to  give 
an  adequate  cross-section  of  iron  below  the  teeth.  As  a  trial- 
value  one  may  take  either  the  face-diameter  of  the  armature 
divided  by  the  number  of  poles,  or  a  length  equal  to  half  the 
pole-arc.  But  the  final  adjustment  of  this  radial  depth  de- 
I.  20 
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pends  purely  upon  the  permissible  iron-loss,  as  this  governs 
the  flux-density  that  can  be  used. 

Example, — d  =  62  inches,  and  as  there  are  eight  poles  the  trial 
value  of  the  radial  depth  is  yf  inches ;  or,  the  pole  arc  being  19  inches, 
the  half  of  this  is  9J  inches.  We  may  provisionally  take  a  mean  value 
such  as  8j^  inches,  which,  if  the  slots  are  estimated  at  ij  inches  deep, 
brings  the  internal  diameter  to  42  inches.  Now  the  flux  through 
the  armature-core  is  J  N  or  6,500,000  lines.  The  nett  length  of  iron 
from  front  to  back  being  about  11*7  inches,  the  nett  sectional  area 
will  be  about  100  square  inches,  giving  a  flux-density  of  about 
65,000,  which  is  satisfactory  (see  p.  545),  and  will  ensure  that  the 
iron-losses  are  not  too  great. 

(14)  Next,  settle  the  dimensions  of  the  air-gap  by  the 
principles  laid  down  on  p.  550. 

Example, — As  the  slots  are  o  •  3805  inches  wide  at  the  top,  the 
length  across  the  gap  ought  not  to  be  less  than  o  •  5  inch.  This  is 
sufficient  as  a  clearance  on  an  amiature  62  inches  in  diameter ;  but 
by  the  formula  [Xdr],  assuming^  =  6,  we  get :  4  =  6  X  600  X  62  -f- 
{8  X  45,000)  =0*62.  Formula  [X^]  gives  0*224  X  62  X  14*7-7- 
768  =  0*24  as  a  minimum;  but  we  cannot  adopt  this  unless  the 
pole-shoes  are  laminated.  Formula  [Xf]  gives  1536  x  75 
-T-  (26000  X  8)  =  0*55.  We  will  take  the  highest  of  these  values. 
This  will  make  the  field-magnet  bore  63*24  inches. 

(15)  Fix  the  approximate  dimensions  of  the  magnet-pole 
cores.  These  must  have  sufficient  cross-section  to  carry  the 
full-load  flux,  including  that  which  forms  by  leakage  the  stray 
field  ;  and  they  must  be  long  enough  to  receive  the  exciting 
bobbin.  The  flux  N,^  in  the  magnet-core  will  be  1/  x  N^  ; 
where  v  is  the  coefficient  of  dispersion,  N^  being  taken  at  its 
full-load  value.  For  values  of  v  see  p.  137.  A  good  trial- 
value  for  the  length  of  the  pole-core,  if  cylindrical,  is  to 
make  it  equal  to  the  diameter  of  the  section,  though  this  may 
generally  be  reduced  after  the  magnetic  circuit  calculations 
have  been  made  to  ascertain  what  provision  must  be  made 
for  excitation.  Another  rough  way  of  obtaining  a  trial  value 
for  the  length  of  the  pole  is  to  take  20  times  the  length  of 
the  air-gap,  if  the  machine  is  to  be  shunt-wound,  or  40  times 


Tlie  Design  of  Continuous-Current  Dynamos,     56 


the   length   if  it   is   to  be   over- compounded.     The   section 
necessary  is  fixed  by  the  permissible  flux-density  (see  p.  545). 

Example. — The  no-load  armature  flux  per  pole  being  13,000,000 
the  full-load  flux  will  need  to  be  (for  a  shunt* machine  or  compound- 
Avound,  but  not  over-compounded  machine)  say  13,500,000.  Taking 
the  coefficient  of  dispersion  as  v  =  i  *  2 1  at  full-load,  it  follows  that 
N»,must  be  16,400,000.  Then  taking  105,000  lines  per  square  inch 
as  a  suitable  value  for  the  flux-density  for  mild  steel  cores,  there  will 
be  required  157  square  inches.  Hence  the  pole-core,  if  circular,  must 
be  14  inches  in  diameter ;  or,  if  square,  about  \2\  inches  each  way. 
Taking  the  other  rule,  if  the  air-gap  is  0*62  inch,  multiplying  this  by 
20  gives  12*4  inches  as  a  suitable  trial-value  for  the  length.  To  be 
•certain  we  take  13  inches  provisionally  as  its  length. 

(16)  The  necessary  cross-section  and  size  of  the  yoke  may 
then  be  fixed  :  the  section  being  as  before  fixed  by  the  appro- 
priate flux-density. 

Example, — ^The  yoke  has  to  carry  \  N,«  lines,  in  this  case 
^,200,000,  at  full-load.  Suppose  it  to  be  of  cast-iron  with  an  ap- 
propriate density  not  exceeding  40,000  lines  per  square  inch.  Then 
about  205  or  210  square  inches  will  be  needed.  Being  of  cast-iron,  a 
broad  semi-oval  section,  flat  in  the  inner  face,  will  be  appropriate,  and 
if  a  breadth  of  30  inches  with  a  thickness  of  9  inches  at  the  middle 
be  adopted,  the  over-all  diameter  of  the  magnet  frame  will  be  about 
108  inches. 

Collecting  now  the  data  so  far  arrived  at  we  may  tabulate 
the  values : — 


'General  Specificatiofi : — 

Full-load  (kilowatts) 

(terminal  volts) 
(amperes) 

Revolutions  per  minute    . 

Peripheral  speed  (feet  per  minute) 

Number  of  poles 


99 


Armature: — 

Core-iUsks,  external  diameter  (inches) 

,,  internal       ,,  ,, 

Length  between  core-heads  (inches)  . 
Number  of  slots  .... 
Depth  of  slots  (inches) 


300 
500 
600 
150 
2430 
S 


62 
42 

256 
202 
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y\ 


0*380 
0-761 

8-5 
1536 
6  in  slot 

Parallel 
0*525  X  0*072^ 

0-555  X  0*102 

00378 

103 

=  176 ;  ji  =  -  174 

33 
40 


Width  of  slots  (incnes)      .... 

Pitch  of  slot  at  armature  face  (inch)  . 
Depth  of  iron  in  core,  under  teeth  (inches) . 
Number  of  conductors      .... 

Arrangement  ...... 

Style  of  winding      ..... 

Dimensions  of  each  conductor,  bare  (inches) 

,,  „  insulated  (inches) 

Section  of  each  conductor  (square  inches)  . 
Mean  length  of  one  loop  (inches) 
Winding  pitch  in  number  of  conductors 

jf  ),  teetji      • 

Length  of  armature  over  all  (inches)  . 

Commutator : — 

Diameter  (inches)    .... 

Number  of  segmeots 

Active  length  (inches) 

Width  of  s^:ment  at  face  (inches) 

Thickness  of  mica  insulation  (inches) 

Field  Aiagnet: — 

Diameter  of  core  (inches) 
Outer  diameter  of  yoke  (inches) 
Inner  .,  „ 

Length  of  pole-core  (inches) 
Breadth  of  yoke  ,, 

(17)  All  is  now  provisionally  ready  for  the  commencement 
of  the  real  calculation  of  the  machine.  A  drawing  should  be 
sketched  out  to  scale,  using  the  trial-values  adopted  so  far. 
This  drawing  will  enable  the  designer  to  judge  of  the  ulti- 
mate dimensions  and  appearance  of  the  machine.  From  it 
a  complete  set  of  calculations  must  now  be  made  (on  the 
principles  laid  down  in  the  preceding  chapters)  for  (i)  ex- 
citation, (2)  heating,^  (3)  sparking,  and  (4)  efficiency,  as  is 
done  in  the  case  of  the  typical  machines  discussed  below.  On 
examining  the  results  of  such  calculations  it  is  then  easy  to 
see  in  what  manner  it  would  be  desirable  to  alter  the  design 
in  order  to  fulfil  more  completely  the  specified  conditions. 
Finally,  as  the  outcome  of  such  considerations,  other  designs, 
ought  then  to  be  made,  and  worked  through,  differing  in 
various  ways  from  the  first  one,  but  fulfilling  the  terms  of  the 
specification.     For  example,  if  the  sparking-criteria  are  only 

'  The  iron  losses  have  been  calculated  on  pp.  100  and  105  ;  the  binding  wires 
on  p.  44T. 


52 
768 

8 

0-187 

o'03<> 

63-24 

108 

90 

13 
30 
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barely  fulfilled,  it  might  be  worth  while  to  recalculate  after 
slightly  increasing  the  diameter  of  the  armature :  or  if  they 
are  amply  fulfilled,  the  diameter  might  be  slightly  reduced. 
Or  if  the  percentage  of  the  heat-losses  in  any  of  the  parts — 
say  the  teeth — comes  out  either  higher  or  lower  than  the 
amount  known  by  experience  to  be  advisable,  then  the  design 
might  be  modified  so  as  to  give  either  a  higher  or  a  lower 
flux-density,  as  the  case  may  be,  in  that  part.  In  one  respect 
it  may  be  desirable  to  try  modifications,  namely,  as  to  the 
grouping  of  the  conductors  in  the  slots.  Small  changes  in  this 
respect  make  great  differences  in  the  magnetic  saturation  of 
the  teeth.  This  it  is  desirable  to  keep  high,  so  that  the 
apparent  density  shall  attain  to  1 30,000  or  even  1 50,000  lines 
per  square  inch.  Such  densities  enable  smaller  armatures  to 
tt>  be  used.  But  to  attain  them  without  having  the  teeth 
too  narrow  one  must  put  4,  6,  or  8  conductors  into  one  slot, 
preferably  from  0*4  to  0'6  inch  wide.  Further,  where  any 
doubt  exists  as  to  there  being  sufficient  cooling  surface,  it  may 
be  necessary  to  modify  and  re-calculate  portions  of  the  design 
several  times  over.  So  soon  as  a  design,  satisfactory  in  these 
respects,  has  been  completed,  and  the  preliminary  drawings 
have  been  made,  the  weights  and  costs  can  be  taken  out 
These  will  afford  a  comparison  with  the  weight  per  kilowatt, 
and  the  cost  per  kilowatt  of  other  machines,  and  it  will  then 
be  possible  to  consider  in  what  way  the  design  could  be 
•cheapened.  For  example,  if  the  machine  comes  out  too  heavy, 
by  comparison,  for  its  prescribed  output,  the  designer  must 
consider  whether  it  could  not  be  lightened  by  increasing  its 
diameter  (so  gaining  a  higher  peripheral  speed),  and  by 
lessening  its  axial  length.  A  lighter  design  is  frequently 
attained  by  an  increase  in  the  number  of  poles,  though  this 
change  adds,  generally,  to  the  workmanship.  The  rules  here 
given  will  enable  the  designer  to  design  a  machine  that  is 
sound  from  the  point  of  view  of  sparking,  heating,  efficiency, 
and  regulation  :  the  selection  from  amongst  a  number  of  such 
designs  of  that  which  is  of  least  cost  is  a  question  to  be  settled 
by  reference  to  the  market  price  of  materials,  the  local  cost  of 
labour,  and  the  running  and  standing  costs  of  the  factory. 
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Other  Procedure  in  Design. 

It  is,  of  course,  possible  to  follow  a  different  order  of  pro- 
cedure in  designing.  Rothert,  in  an  excellent  paper  in  the 
Elektrotechnische  Zeitschrift  for  1901,  gives  the  following : — 
Using  for  the  estimating  of  the  armature  dimensions  a  constant 
which  differs  in  different  types  of  machine,  but  which,  for  a 
given  diameter,  determines  the  length  of  the  core,  and  a  formula 
of  the  type  given  in  [I],  p.  537,  he  then  chooses  the  number 
of  poles  in  dependence  chiefly  on  the  prescribed  speed.  His 
rule  for  this  is  that  the  frequency  (ix.  the  product  of  number  of 
pairs  of  poles  into  revs,  per  second)  shall  lie  between  \^  and  20- 
for  500-volt  machines,  or  between  18*5  and  22  for  those  over- 
compounded  to  550  volts.  From  this  he  selects  the  armature 
dimensions  so  that,  taking  the  pole-span  about  72  per  cent,  of 
the  pole-pitch,  the  pole-face  shall  be  approximately  a  square, 
about  the  middle  of  which  is  centred  a  cylindrical  steel  pole. 
He  does  not  calculate  up  the  efficiency  until  after  the  main 
dimensions  have  been  settled,  as  he  finds  it  always  to  come 
out  right,  in  the  case  of  large  machines,  if  they  are  only 
approximately  correctly  designed  in  other  respects.  Much 
more  important  he  regards  the  cooling  question,  which  can,, 
however,  be  controlled  by  providing  due  ventilation.  The 
two  main  factors,  however,  which  are  of  vital  influence  in 
selecting  dimensions  are  the  proper  magnetic  saturation  of 
the  teeth,  and  the  economy  of  material  attained  by  using  high 
current-densities  in  the  copper.  As  to  the  former,  he  uses 
151,000  lines  per  square  inch  (apparent)  at  full  load.  As 
armature  current-density,  he  takes  1700  to  1900  amperes  per 
square  inch.  Allowing  a  temperature- rise  of  35  deg.  C,  and 
surface  speeds  of  1700  to  2300  feet  per  minute,  he  finds  this 
to  correspond  to  a  waste  of  about  i'6i  to  2*13  watts  per 
square  inch  of  peripheral  armature  surface.  For  the  stationary 
coils  of  field-magnets  he  allows  a  current-density  of  900  to* 
1060  amperes  per  square  inch  ;  and  with  a  permissible  tem- 
perature rise  of  35**  C,  a  corresponding  waste  of  0'77  ^vatts 
per  square  inch  of  cylindrical  surface. 

Another  order  of  procedure  is  to  settle  the  number  of 


The  Design  of  Cantimiotis-Currefit  Dynamos.     567 

poles,  then  the  number  of  paths  through  the  armature,  then 
the  appropriate  size  of  conductor,  then  from  the  appropriate 
number  of  volts  per  segment  of  the  commutator  and  the 
prescribed  voltage  the  number  of  conductors.  From  the  volts 
per  segment  the  number  of  conductors  per  segment  and  the 
suitable  length  of  core-body  can  be  determined,  and  on 
selecting  a  suitable  grouping  in  the  slots  and  an  appropriate 
insulation,  the  size  of  slot  can  be  found.  The  permissible 
losses  may  be  assigned  at  any  stage,  and  from  those  allowable 
in  the  teeth  the  size  of  tooth  may  then  be  determined.  From 
this  and  the  size  and  number  of  slots  the  diameter  of  the 
armature  becomes  known.  The  field-magnet  calculation 
follows  as  before. 

Dr.  Max  Corsepius  in  his  book  on  construction,  Leitfaden 
zur  Konstruktion  von  Dynamontaschinen  (3rd  edition,  Berlin^ 
1903),  has  given  yet  another  procedure  in  which  he  starts 
from  the  arrangement  of  the  conductors  in  the  slot  and  the 
slot-pitch,  and  gives  formulae  for  deducing  the  size  of  the 
diameter  from  these  and  the  speed,  voltage  and  number  of 
poles. 

Refinements  in  Design. 

It  is  possible  in  almost  every  one  of  the  preceding  matters 
of  calculation  to  enter  into  greater  refinements,  and  different  de- 
signers of  experience  have  their  own  methods  of  working  out 
details.     It  must  suffice  to  indicate  a  few  of  such  refinements. 

Coefficient  of  Magnetic  Dispersion. — As  this  is  not  a  con- 
stant, but  increases  with  the  load,  some  makers  work  it  out 
with  great  elaboration  for  different  loads.  For  continuous- 
current  machines,  this  is  generally  superfluous,  but  for 
alternators,  in  which  the  drop  of  voltage  on  an  inductive  load 
depends  mainly  on  the  dispersion,  it  is  all-important. 

Equivalent  Pole-arc, — It  has  been  assumed  as  sufficient 
hitherto  that  the  pole-arc,  or  effective  span  of  the  pole,  can  be 
expressed  as  a  simple  fraction  of  the  pole-pitch,  both  pole- 
span  and  pole-pitch   being  measured  at  the  armature  face. 

The  ratio  -^Ir  =  >   ,       .    ,  ,  varying  from  0*6  to  0*8  in  different 

pole-pitch 
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machines,  assumes  that  the  pole-span  is  a  definite  length. 
But  in  order  to  procure  a  suitable  fringe  of  field  for  good 
•commutation,  the  pole-tips  are  usually  shaped  away,  as 
<lescribed  on  p.  269,  and  the  extreme  span  from  tip  to  tip  is 
therefore  really  no  exact  measure  of  the  effective  width  of  the 
field.  The  effective  pole-span  can,  however,  be  ascertained 
hy  a  preliminary  process.  It  is  first  necessary  to  find  the 
distribution  of  the  field  at  no-load.  This  can  be  done  in  the 
following  way.  Let  a  drawing  be  made  to  scale  of  one  pole, 
and  of  the  armature  outline  at  the  proper  width  of  gap  below 
it.  Then,  beginning  at  the  middle  point  under  the  pole,  let 
the  pole-pitch  be  divided  into  any  number  of  equal  parts 
right  and  left,  for  example,  into  18  parts,  9  on  each  side. 
Then,  judging  by  experience  as  to  the  probable  form  of  the 
magnetic  lines  as  they  cross  the  gap,  let  a  number  of  repre- 
sentative lines  be  drawn,  one  for  each  "part,"  to  meet  the 
pole,  as  in  Fig.  393.  Then  from  the  drawing  estimate  the 
lengths  of  these  lines  :•  those  near  the  middle  of  the  pole-face 
-will  all  be  of  equal  length.  Then  set  out,  as  ordinates,  equally 
spaced  out,  from  a  convenient  base  line,  a  number  of  lines  such 
that  the  length  of  each  is  inversely  proportional  to  the  length 
across  the  gap  at  the  corresponding  part.  These  ordinates 
being  joined  in  a  curve  it  will  represent  (on  the  assumption 
that  the  length  of  the  pole-face  from  front  to  back  is  the  same 
at  every  part)  the  distribution  of  the  intensity  of  the  field 
since  the  flux-density  (undisturbed  by  reaction)  is  inversely 
proportional  to  the  length  of  path  across  the  gap.  If  the 
length  of  pole-face  from  front  to  back  is  not  uniform,  but 
varies,  as  for  instance  when  the  pole  corners  are  shaped 
polygonally  as  in  Fig.  153^,  the  height  of  the  corresponding 
ordinates  must  be  proportionally  reduced.  Having  thus 
obtained  a  corrected  curve,  as  in  Fig.  393,  the  next  step  is  to 
square  it  off  as  shown,  so  that  the  rectangular  area  abcd^2^ 
be  equal  to  the  area  under  the  curve.  Then  the  length  a  d 
represents  to  scale  the  reduced  or  equivalent  pole-span^  and  the 
true  value  of  i/r  is  the  ratio  of  this  to  the  pole-pitch,  which  is 
the  length  along  the  base-line  from  "  o  "  to  **  o." 

We  have  seen,  in  the  deduction  of  the  rational  formulae  for 


The  Design  of  Continuous-Current  Dynamos.     569 

output  in  relation  to  size,  how  important  it  is  that  this  ratio 
jshould  be^as:high  as  possible.     But  there  are  two  considcra- 


CQUIVALENT    POLE    SPAN- 

■POLE- PITCH ->i 

Fig.  393.— Graphic  Calculation  of  Field  Distribution. 

tions  which  tend  to  lower  it.     In  order  to  obtain  a  proper 
•commuting  fringe  the  pole-tips  must  be  rounded  or  chamfered 
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away,  and  this  clearly  tends  to  sl^orten  the  equivalent  pole- 
span.  Again,  if  the  pole-tips  are  brought  very  near  together 
there  will  be  a  considerable  magnetic  leakage.  This,  in 
continuous  current  machines,  is  no  great  harm.  Further,  in 
Pig-  393  only  one  pole  was  drawn,  and  its  individual  field 
extends  right  and  left  beyond  the  neutral  points  of  the  field 
marked  "a"  as  shown  by  the  dotted  line ;  so  that  in  estimat- 
ing the  distribution  of  the  field,  one  must  take  into  account  the 
effect  of  the  neighbouring  poles  which  will  bring  the  cur\^e 
down  to  a  zero  at  "  o." 

Again,  if  the  armature  has  wide  open  slots,  the  presence 
of  these  slots  may  perturb  the  distribution  of  the  field  ;  for 
which  reason  some  designers  go  even  more  minutely  into 
the  matter  and  plot  two  curves  ;  one  for  the  distribution 
when  a  slot  is  opposite  "  o,"  and  one  for  that  when  a  tooth  is 
opposite  "  o." 

Commuting  Fringe,  —  We  have  seen  on  pp.  262  to  269, 
what  pains  designers  have  taken  to  ensure  that  at  full-load 
there  shall  be  an  adequate  commuting  field  under  the  hind- 
ward  pole-tip.  If  by  a  modification  of  the  preceding  process 
the  curve  of  distribution  is  drawn  for  the  field  as  distorted  at 
full-load  it  will  be  seen  that  the  breadth  and  slope  of  the 
commuting  fringe  is  altered.  Now,  for  good  commuta- 
tion it  is  not  unimportant  that  this  part  of  the  field  should 
be  not  only  adequately  strong,  but  that  it  should  have  a 
sufficient  breadth,  and  that  its  slope  should  give  the  requisite 
electromotive-force  at  each  instant.  If  the  potential  under  the 
brush  is  to  be  uniform  all  along  under  the  brush,  the  intensity 
of  the  field  in  the  fringe  at  the  point  corresponding  to  the 
beginning  of  the  commutation  must  not  be  too  strong,  other- 
wise the  potential  will  fall  under  the  middle  of  the  brush. 
Neither  must  it  be  too  weak,  otherwise  the  potential  will  rise. 
Neither  must  the  corresponding  field  at  the  end  of  the 
commutation  be  too  strong,  otherwise  the  potential  will  falU 
and  there  will  be  over-commutation  of  the  current  in  the  loop. 
It  is,  therefore,  desirable  that  the  pole-tips  should  be  so  shaped 
that  the  (corrected)  curve  of  distribution  shall  have  at  the 
neutral  points  "o,"  a  well-defined  and  not  too  steep  slope 
extending  to  a  sufficient  distance  from  "  o  "  toward  the  pole. 
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A  simple  mode  of  attempting  to  realize  this  is  adopted  by  the 
Oerlikon  Co.,  who  construct  their  laminated  pole-cores  out  of 
stampings  assembled  in  blocks  about  an  inch  thick.  The  tips 
of  the  successive  blocks  are  cut  away  to  different  lengths,  a$ 
represented  in  Fig.  394.  Another  device  used  for  securing  a 
fringe,  and  at  the  same  time  saturating  the  tips,  is  shown  in 
F'g.  395- 

Length  of  Armature  Conductors.  —  Various  simple  rules 
have  been  given  by  designers  for  estimating  the  length  of 
1  loop  of  an  armature  conductor  for  different  styles  of  winding. 
For  barrel-winding  a  simple  approximation  is  that  the  length 


Fic.  394.— Shaved  Polk-Tifs.  l-'ct;.  395.— Shapkd  Pole-Stampings. 

(in  inches)  of  copper  in  i  loop  is  equal  to  3  -j-  2/-f-  "jd-^p. 
Thus  for  an  8-pole  machine  with  d  =  62  and  /  =  15  the  ap- 
proximate length  round  one  loop  will  be  93  inches. 

Shunt  and  Compound  Machines. — Machines  intended  to 
be  used  as  over-compounded  generators  must  be  designed  a 
little  more  liberally  than  those  designed  for  same  speed  and 
voltage  as  shunt  machines,  so  as  to  allow  for  the  increase  of 
magnetic  flux  and  additional  excitation  losses  at  full-load  ;  or, 
what  comes  to  the  same  thing,  if  of  equal  dimensions,  they 
must  for  the  same  speed  be  rated  as  of.  say,  from  5  to  7  per 
cent,  lower  output ;  or,  if  rated  at  the  same  output,  their  speed 
must  be  increased  from  S  to  7  per  cent. 
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Weights  and  Costs. 

Any  design  in  which  either  of  the  flux-densities  in  the  iron 
or  the  current-densities  in  the  copper  are  needlessly  low,  will 
necessarily  be  unduly  bulky,  and,  therefore,  unduly  heav}'  and 
•costly.  If  the  magnetic  and  electric  densities  are  too  high,  the 
permissible  rise  of  temperature  may  be  exceeded  or  the  total 
losses  may  be  too  great  A  high  efficiency  may  be  attained  by 
keeping  densities  low  ;  yet  a  lighter  machine  with  an  equally 
high  efficiency  may  be  obtained  with  high  densities  and  a  less 
weight  of  material,  provided  proper  cooling  arrangements  are 
made.  All  insulation  takes  space  and  increases  the  total  bulk 
and  therefore  the  weight  and  cost  of  the  machine.  It  is, 
therefore,  from  the  point  of  view  of  economy  of  metal  to  keep 
insulation  as  thin  as  is  practicable,  and  by  the  use  of  mica  and 
the  avoidance  of  using  round  wires,  to  keep  the  space-factors 
as  high  as  possible.  The  practice  of  putting  several  conductors 
into  one  slot  effects  a  notable  saving  in  the  size  of  the  arma- 
ture, and  enables  the  flux-density  in  the  teeth  to  be  raised  to 
a  point  otherwise  unattainable. 

As  the  cost  of  material  varies  and  the  price  of  labour  also 
varies  from  one  country  to  another,  and  even  between  different 
districts  in  the  same  country,  it  follows  that  the  design  which 
can  be  most  cheaply  produced  in  one  factory  to  fulfil  given 
conditions  will  differ  from  that  which  can  in  another  factor)-- 
be  produced  most  cheaply. 

A  few  general  rules  may,  however,  be  laid  down. 

As  to  weights,  machines  with  a  low  peripheral  speed 
always  weigh  more  than  those  of  equal  output  with  a  high 
speed ;  and  those  with  cast-iron  yokes  more  than  those  with 
steel  yokes.  The  armature  weight  (apart  from  the  shaft) 
ought  to  be  approximately  proportional  to  the  kilowatts  if 
equal  peripheral  speeds  are  attained.  For  armatures  over  40 
inches  in  diameter  the  weight  and  cost  are  closely  propor- 
tional to  the  product  d'l  \  for  those  under  this  size,  the  weight 
and  cost  vary  somewhat  with  the  ratio  of  d  to  /.  The  ratio  of 
copper  to  iron  is  less  in  machines  with  a  high  ratio  of  d  to  /, 
than  in  those  with  a  low  ratio  of  d  to  /,  and  of  equal  speed  and 
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^ 
^ 


output.  The  total  factory  costs  of  dynamos  are  not  propor- 
tional to  their  outputs,  because  high-speed  machines  cost  less 
than  low-speed  machines  of  equal  output.  Neither  is  the 
cost  proportional  to  the  output  divided  by  the  speed.  Even 
in  a  given  series  of  machines  of  different  sizes  manufactured 
in  the  same  works  it  is  not  proportional  to  the  product  d'-i. 
A  simple  relation  can  however  be  stated  in  the  form : — 

cost  =  A  +  B{cPl). 

According  to  Mr.  E.  K.  Scott  ^  the  constants  A  and  B 
giving  the  cost  in  £  sterling,  in  a  certain  English  works,  were 
140  and  C'OiS  respectively.  For  example,  a  machine  having 
d=62'\  /=  15",  would  cost  ;fi293  in  the  factory.  Its 
output  at  any  given  speed  would  obviously  be  limited  by 
heating  or  sparking,  or  both.  Scott  has  given  the  following 
example  of  the  allotment  of  costs  of  material  for  a  machine  of 
about  the  above  size. 


ATaterial. 

Armature  conductors 
Field-magnet  coils  . 
Commutator  segments 
Armature  core  stampings 
Magnet  pole  cores  . 
Yoke 

Insulating  materials 
Miscellaneous. 


Percentage  of  Total  Cost  of  Material. 

19  >  31  per  cent,  of  copper. 

6  ) 
12 

7  J  39  per  cent  of  iron. 
20 

8 
22 

100 


Prof.  E.  Wilson  *  has  discussed  the  ratio  of  price  to  out- 
put, chiefly  in  relation  to  bipolar  machines,  and  Mr.  H.  A. 
Mavor  ®  has  shown  how  the  watts  per  revolution  and  the  cor- 
responding cost  are  related  to  the  proportions  of  the  armature. 
More  recently*  Mr.  Mavor  has  discussed  the  best  speed  for  a 
motor  of  given  size  under  given  heating  limits,  and  the  best 
depth  of  slot. 

Hobart  has  considered  ^  the  problem  of  designing  series  of 

*  Joum,  Inst,  Elec.  Engineers,  xxxii.  400,  1903. 
'  Ibid,,  xxvi.  160,  1897.  '  Ibid. 

*  Ibid,,  xxxii.  473,  1902.  *  Ibid,^  xxxi.  170,  1901. 
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generators  of  standard  patterns  to  cheapen  manufacture.  His 
designs  favour  a  high  surface  speed,  large  commutator,  and 
high  current-density  in  the  armature,  from  2340  to  2520 
amperes  per  square  inch.  He  has  also  discussed  the  cost  of 
the  "  nett  effective  material/'  that  is  to  say,  the  iron  and  copper 
which  are  magnetically  and  electrically  employed,  to  the  ex- 
clusion of  bed-plates,  shafts,  spiders,  bearings  and  brush  gear. 
He  gives,  for  machines  from  80  to  150  kilowatts,  a  mean  value 
of  the  cost  of  "nett  effective  material  "  as  16 '3  shillings  per 
kilowatt  The  total  factory  cost  per  kilowatt  will  however 
decrease  for  larger  capacities,  since,  for  machines  of  larger 
capacity  the  "  nett  effective  material  "  constitutes  a  larger  per- 
centage of  the  total  cost.  With  higher  speeds,  the  cost  of  a 
machine  of  given  capacity  goes  down,  varying  about  inversely 
as  the  square  root  of  the  speed.  Low-voltage  machines  re- 
quire a  larger,  and,  therefore,  a  more  costly  commutator  than 
high-voltage  machines  of  the  same  rated  kilowatts  at  the  same 
speeds. 

The  actual  costs  of  materials  at  the  present  date  may  be 
stated  somewhat  as  follows: — Copper,  whether  for  armature, 
commutator  or  field-magnet  coils,  lod,  per  pound  ;  armature 
stampings  i  Jrf.  per  pound  ;  cast-steel  or  wTOught-iron  for 
pole-cores  and  yoke,  2\d,  per  pound  ;  and  cast-iron  I  Jrf.  per 
pound. 

Most  of  the  foregoing  considerations  are  stated  with  respect 
to  machines  of  large  and  of  moderate  sizes.  The  cost  of 
small  machines — say  under  5  kilowatts — is  relatively  higher 
on  account  of  the  larger  proportion  borne  by  workmanship  ; 
so  that  their  cost  is  mainly  a  question  of  the  degree  to  which 
the  factory  has  been  organized  for  turning  them  out  in  quan- 
tities of  standard  sizes.  For  a  50  kilowatt  machine  the  sale 
price  stands  at  about  tenpence  per  pound  of  total  weight. 
The  price  of  larger  machines  decreases  to  about  sixpence  per 
pound  when  machines  of  1000  kilowatts  are  reached.  But  for 
very  small  machines  the  price  rises  to  as  much  as  three  shil- 
lings per  pound. 

Hobart  in  the  Electrician,  li.  840,  Sept  1 1,  1903,  has 
shown  that  for  a  series  of  machines  of  similar  type   (for 
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instance,  of  500-volt  machines  with  barrel-wound  armatures), 
the  factory  cost  is  with  remarkable  accuracy  proportional  to 
the  product  of  the  armature  diameter  into  the  over-all  length 
of  the  armature,  taken  over  the  end-connexions.  It  is  there- 
fore simply  proportional  to  the  cylindrical  surface  of  the 
armature.  He  proposes  that  the  term  *'  specific  output "  shall 
be  defined  as  the  ratio  of  full-load  watts  to  the  product  of 
armature  surface  and  rated  speed.  Or,  using  the  symbol  L 
for  the  over-all  length  and  Q  for  the  "specific  output*'  we 
have : — 

o=_-W    _. 

from  which  we  may  deduce  a  formula  useful  in  preliminary 
design, 

TT  X  Q  X  r.p.m, 

Q  is,  in  fact,  the  number  of  watts  per  square  inch  of 
armature  surface,  at  unit  speed. 

The  values  of  Q  for  some  of  the  machines  described  below 
are: — Oerlikon  500  kw.,  p.  654,  0*426  ;  Scott  and  Mountain 
150  kw.,  p.  582,  0*136;  General  Elect.  Co.  550  kw.,  p.  678, 
0*5  ;  Hobart  1000  kw.,  p.  632,  o*8i. 

Specific  Utilization  of  Material.  ; 

Good  design  utilizes  to  the  utmost  the  materials  employed. 
The  copper  should  be  made  to  carry  the  largest  current,  the 
iron  to  receive  the  greatest  density  of  flux,  consistent  with 
efficiency  and  coolness,  and  the  movement  of  the  copper  across 
the  magnetic  field  should  take  place  at  the  highest  speed 
consistent  with  mechanical  safety. 

The  Active  Belt, — Mavor  has  introduced^  the  conception 
of  the  "  active  belt,"  meaning  by  this  term  the  entire  mass 
of  the  armature  periphery  down  to  the  roots  of  the  teeth, 
consisting  of  iron,  copper,  and  insulation.     It  is  in  this  active 

^  Journ.  Inst.  Eke,  Engineers^  xxxi.  218,  1901. 
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belt  that  the  whole  inductive  generation  takes  place,  and 
on  this  active  belt  that  the  mechanical  forces  are  exerted^ 
Mr.  Mavor  found  the  number  of  ergs  per  second  per  cubic 
centimetre  at  unit  velocity  in  unit  field  to  be  about  5.  But 
the  work  done  per  line  in  moving  a  current  across  a  field 
is  simply  proportional  to  the  current :  so  that  Mr.  Mavor's 
figure  is  a  measure  of  the  current-density  in  the  gross  section 
of  the  active  belt. 

We  may  extend  still  further  this  conception  of  a  belt  of 
active  material,  and  may  consider  not  only  the  mean  number 
of  amperes  that  traverse  each  square  inch  of  it  parallel  to- 
the  shaft,  but  also  the  mean  number  of  magnetic  lines  that 
traverse  each  square  inch  of  it  radially,  and  the  speed  with 
which  it  moves  forward  tangentially.  Let  us  consider  the 
number  of  watts  generated  per  cubic  inch  of  the  active  belt* 
If  d  be  the  diameter,  /  the  length  of  the  core-body,  and  s  the 
depth  of  the  slot  (or  length  of  the  tooth),  the  total  volume  of 
the  active  belt  will  be  irdls.     Hence  : — 

E  C 
Watts  per  cubic  inch  =  - 


irdls 


Now,  writing  for  E  the  value  wZN/-r-^io^;  and  re- 
membering that ;/  =  V  -T-Trd,  where  v  is  the  peripheral  velocity 
in  inches  per  second,  we  have  : — 

Watts  per  cubic  inch  =  — ^n^-  - — «• 
'^  cii^dHs.io^ 

This  we  may  decompose  into  three  factors,  thus  : — 

Watts  per  cubic  inch  = -j-  •  —  r>  •  -  «• 

ircds     irdl     10* 

These  three  factors  we  may  severally  write  : — 

ZC-^7rr^afj  =  a=  gross  current-density  per  square 

inch  in  active  belt. 

N/-r7rrf/    =/8  =  gross  magnetic  density  per  square 

inch  in  active  belt. 

7;  -7-  10"  =  fy  =   a   quantity   proportional    to    the 

peripheral  velocity. 
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If,  then,  we  take  out  these  three  factors  a,  /8,  and  7  for 
any  particular  machine,  we  have  at  once  a  means  of  com- 
parison between  its  design  and  that  of  other  machines  in 
respect  of  the  specific  utilization  of  materials.  Some  makers 
manage  to  crowd  many  amperes  through  the  copper  :  in  their 
machines  a  will  be  large.  Other  makers  contrive  to  have  a 
high  average  flux-density  in  the  belt :  in  their  machines  /8 
will  be  large.  Others  drive  their  machines  with  a  high  surface 
speed,  and  so  increase  the  specific  output  of  a  given  quantity 
of  active  material.  Owing  to  the  conditions  that  are  neces- 
sitated by  sparkless  commutation  a  cannot  be  very  high  unless 
)3  is  high  also,  though  /8  may  be  high  without  a  being  so.  And 
7  may  be  high  or  low,  quite  independently  of  a  or  )8. 

The  author  has  therefore  made  a  detailed  examination  of 
more  than  fifty  modem  generators,  including  the  machines 
mentioned  in  this  book,  to  ascertain  the  values  of  these  three 
factors  of  specific  utilization.  The  values  of  a  for  machines 
of  the  type  principally  dealt  with  lie  mostly  between  300  and 
460,  a  few  being  outside  these  limits.  The  values  of  /8  lie 
mostly  between  30,000  and  45,000,  the  extreme  values  being 
22,000  and  58,000.  The  values  of  7  lie  mostly  between 
Q- 000004  and  0*000009 ;  but  in  a  few  cases  exceed  the  latter 
figure.  The  watts  per  cubic  inch  of  active  belt  run  from 
about'45  to  120;  but  in  one  case  go  down  to  15,  and  another 
case,  Hobart's  1600  kw.  generator,  reach  162.  Smooth-core 
machines  are  not  included  in  these  calculations,  nor  arc- 
lighting  machines,  nor  magneto  machines,  nor  any  small 
designs.     See  the  Table  on  p.  701. 

Sc/iedules  for  Designing. — On  the  next  page  begins  a 
4-page  schedule,  which  will  be  found  of  great  assistance  both 
in  the  analysis  of  existing  designs,  and  in  the  designing  of  new 
machines.  Mr.  Hobart  has  published  in  the  Electrical  Review 
of  December  5  and  12  of  1902,  vol.  li.,  p.  928  and  p.  975,  a 
much  more  elaborate  set  of  specification  forms. 
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SCHEDULE      FOR      CONTINUOUS 
CURRENT    DYNAMO     DESIGN. 


Type  of  Machine. 


Design  calculated  by 

Machine  constructed  by. 
In  opercttion  at 


_j        -Poles;  _.       Kw. ; 
Volts ;  _  -  Amperes. 


Revs.  p.  niin.  ; 


Type 

Weight  complete 

Voltage^  No  Load 

Over  compounding^ 


JFull  Load_ 


Volts, 


% 


COMMERCIAL  TEST. 


Load. 
No  Load  . 

Revs. 

per 
minute. 

Volts. 

Current. 

Output 
Kw. 

Losses — Watts. 

■VIK- 

Arm. 

Shunt. 

Arm 
Copper 

1 

Arm. 

Iron. 

Exci- 
tation. 

Ffic-    Total.  ""^- 
tion.  1 

•  • 

1 

iLoad 
i  Load 
{Load 

•  ■ 

; 

■  •  • 

■  •  • 

'         1 
1 

Full  Load 
I J  Load 





1 

■■  • 

Test  made  after  .  hours'  continuous  run ;  Armature 

Current  . amps. ;  Shunt  Current-      amps. ; 

E.M.F _  volts.     Resistance  in  shunt ohms. 

Measured  Resistance  of  Shunt  Winding  :  cold  (        °C.)  ohms.; 

hot  (  -°C).         ohms. 

Remarks :  _  - 


Date  of  test 


Test  made  by 
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DIMENSIONS. 


ARMATURE, 
diametar  at  fiMe 

periphery 

Gle  pitch  at  armature  face 
^Jitfth  between  core  head* 

diameter  X  by  core  length  4-  kilowatts 

thickness  of  core  sheets 

number  of  ventilating  ducts 

width  of  each  duct 

effective  length  of  core 

ndial  depth  core  body 

internal  diameter  core 

number  of  slots 

depth  of  slot 

width    „ 

,.t^       „       at  armature  face 
minimum  width  of  tooth 
width  of  tooth  at  armature  face 
total  number  of  faoe  conductors 
number  of  circuits 
style  of  winding 
number  of  conductors  in  series  between 

+  and  — 
iise  or  section  of  conductor  (bare) 
si^e  or  section  of  conductor  insulated 
mean  length  of  conductor  per  turn 
pitch  of  winding  (front  and  back) 
f»  „        number  of  teeth 

airmngement  of  conductors  in  slot 
copper    section  4*  slot    section    (space 

actor') 
length  of  active  conductor  per  volt 
total  insulation  between  conductor  and 

core 

GAP. 

length  at  centre  from  iron  to  iron 
diameter  of  bore  of  field 

POLE  PIECE. 

length  parallel  to  shaft 
length  of  pole  arc 
average  pole  arc  -^  pitch 

M AOHET  CORE. 

length  radially 
length  parallel  to  shaft 
width  or  diameter 

BOBBIH. 

length  over  all 

thickness  of  insulation  on  flanges 

,      I.  ft  f.  body 

wagth  of  shunt  winding  space,  excluding 

insulation 
>Ue  of  shunt  wire 
R^ean  length  of  one  turn 
compound  conductor,  size  or  section  of 

YOKE. 

outside  diameter 

inside  diaoceter 

thickness 

length  parallel  to  shaft 

OOMMUTATOR. 

diameter 

length  of  segment  over  all 

Vea  of  cylindrical  surface 

active  length  of  hegment 

number  of  segments 

^dth  of  .segments 

u^ful  depth  of  segment 

thickness  of  insulation  between  segments 

peripheral  speed,  ft.  per  mln. 


OOMMUTATOR  BRUSHES. 

number  of  set<i 

number  in  one  set 

length  side  by  side 

width  (peripheral)  of  brush  in  inches 

i»  ft  ft       in  segments 

sue  of  contact  fiice 
total  area  of  contact,  one  polarity 


ELECTRICAL. 


ARMATURE. 

E.ISI.F.  per  circuit,  no  load 
»»  ,1         full  load 

type  of  winding 
number  of  turns  per  segment 
winding  formula 
amperes  per  circuit  of  winding 
amperes  per  square  inch  in  conductor 
C  R  drop  (lost  volts)  in  armature 
ohms  brush  to  brush  (at  6o"  C.) 
amperes  per  square  inch  of  active  peri- 
pheral belt 

COMMUTATOR. 

average  volts  between  bars 
reversal  density  +  pole  face  density 
amperes  per  square  inch  of  brush  contact 
C  K  drop  due  to  brush  coniact 

FIELD  COILS. 

type 

number  of  turns  in  series  per  bobbin 

number  of  bobbins  in  series 

mean  length  of  one  turn 

total  resisunce  (at  6o°  C.) 

amperes,  full  load 

ampere's,  no  load  (shunt  excitation} 

amperes,  per  square  inch,  full  load 

rheostat  resistance 

C  R  drop  (lost  volts)  in  rheostat 

COMPOUND  WIHDIHO. 

arrangement  of 

number  of  turns  in  series  per  bobbin 

mean  length  of  one  turn 

total  resistance  (at  6o°  C) 

amperes  full  load 

amperes  per  square  inch,  full  load 


REACTIONS. 

ARMATURE. 

ampere  conductors,  per  pole 

beneath  pole 
between  poles 
per  inch  periphery, 
full  load 

„      turns,  gap  and  teeth  +  beneath 
pole 
density  in  gap  under  backward  pole-horn 
at  It  load 


ft 


*t 


HELD. 

ampere  turns,  no  load,  no  load  volts 
ff  If  M       full        „ 

^  added  for  armature  reaction 

total  ampere  turns,  full  load 

ampere  turns  shunt  coil,  full  load 
„  „     compound  coil,  full  load 

„  „     total 

inherent  regulation  io 
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11- 

.    ^£-3  = 

11 

1  -=il 

■i:,. 

^y 

Sf^l 

=; 

=  1-^ 

■8,5, 

:«j- 

■»Jh 

IPJ 

sll 

5||il  1 

ii 

8^111  1 

Mj 


iiil«f  fi  ft 

HI 


1  s1„     ... 

11^    «l: 


s  1  1 

ill      ll^fi: 


M.-. 


■5  hi 


stjl 


58 

\ 

TEMPERATURE     TEST. 

Conditions 

OP  Test.                                        Dbgrbbs  Risb — Cbntigkadb. 

Duration. 

Armature. 

Shunt.     1 

Series. 

Comm'r. 

'    Bearings. 

1 

Frame. 

'      Vol 

Arma 
Cun 

«  s 

Ther. 
Res. 

• 

Res. 

i 

After        hours  run 

—    -        1 

1 

1                     1 

»»                    >> 

1 

1 

1 

1 

1          1 

1 

»»                    II 

1 

1 
1 

—  1  

1 

1 

»»                    11 

1 
; 

1 

1 
1 

1                     I 

1 

1 
1 

1 

t 

1 

Remarks 

t 

Date  of  test  _ 

.  Test  made  by. 

WEIGHTS  AND   COSTS. 


Machine  Parts.              Material. 

Weight. 

Cost  of  Finished  Pkodoct. 

Per 
Pound. 

ToUl. 

Per  Kw.          j^  j^^yg 

Yoke           

1 

Poles           

1 
1 
1 

Armature  Core 

;          ! 
1 

Armature  Copper...  , 

1 

1 

1 

Commutator 

1 
1 

1 

Shrnit  Coil 

1 

1 

Series  Coil | 

1 

Armature  Spider   ... 

Armature  Shaft    ...     ! 

i 

Brush  Gear,  &c.    ...  1 

Bedplate  &  Bearings 

Totals 

, 

N.B. — Copies  of  this  four-page  Schedule,  printed  large,  on  pages  16  inches  by  zo  inches  sixe, 

can  be  had  in  quantity  from  the  Publishers. 
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CHAPTER   XIX. 

ANALYSIS  OF   DYNAMO   DESIGN. 

We  now  proceed  to  analyse  the  designs  of  some  machines  of 
different  types,  as  examples  of  the  foregoing  principles  and 
methods. 


Example  I. — Shunt-wound  Multii'dlar  Machine 

WITH  Slotted  Drum  Armature. 

Built  by  Messrs.  Ernest  Scott  and  Mountair.. 

M.P.    6—1 50—450 — 250  volts— 600  amps. 

(Shown  in  Figs.  396  &  427,  and  Plate  V.     For  description, 

see  p.  665.) 
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The  leading  dimensions  and  particulars  as  obtained  from 
the  drawings  are  given  in  the  schedule  form  below. 


General  Specification 


>i 


i> 


Full  load  (kilowatts) 

(terminal  volts) 

(amperes) 
Revolutions  per  minute  . 
Peripheral  speed  (feet  per  minute) 
Number  of  poles    . 
Nature  of  load 


Dimensions. 
Armature: — 

Core  disks,  external  diameter  (inches) 

„  internal        „  „ 

Number  of  slots     .... 
Depth  of  slot  (inch) 
Width      ,,        „ 
Pitch  of  slot  at  armature  face  (inch) 

,,      ,,      average  (inch) 
Depth  of  iron  in  core,  under  teeth  (inches) 
Gross  length  of  core  (inches)    . 
Iron        „        „  „         .         . 

Diameter  of  finished  armature  (inches) 
Number  of  conductors    . 
Arrangement  .... 

Style  of  winding    .... 
Dimensions  of  each  conductor,  bare  (inches) 

„  ,,  „  insulated  (inches) 

Section  of  each  conductor  (square  inch) 
Mean  length,  one  armature  turn  (inches) 

Piild-Magfiets  : — 

Diameter  of  bore  (inches) 
Polar  angle  (degrees) 
Turns  per  pair  of  poles    . 
Mean  length  of  one  turn  (inches) 
Diameter  of  wire,  bare  (inch)  . 
Section  of  wire  (square  inch)   . 
Shunt  current  (amperes) . 

Commutator : — 

Diameter  (inches)  . 
Number  of  segments 
Active  length  (inches)     . 


150 
250 
600 

450 

3«85 
6 

Lighting 


33 
18 

124 
I  625 
0-4 
0*840 
0*796 

5  875 
II 

9 
33 
496 
4  in  slot 
parallel 
o*7    xo'ii 
o'73  X  o'i4 
0*077 
66 

33*625 

43 
3602 

43 
0*09 

0*0050 

4*10 


21 

248 


7-5 


An  inspection  of  the  drawings  shows  that  the  magnet  cores 
of  steel  are  of  circular  section,  bolted  on  to  the  yoke,  the  pole 
pieces  being  in  one  piece  with  the  magnet  cores. 
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The  field-frame  is  cast  in  two  pieces  and  bolted  together. 
All  the  field-bobbins  are  connected  in  series.  The  armature 
slots  are  straight,  and  of  the  dimensions  given  above.  There 
are  two  ventilating  apertures,  each  f  inch  wide,  and  the  core 
disks  are  insulated  with  varnish,  deducting  altogether  18  per 
cent  from  the  gross  section. 

The  armature  winding  has  six  parallel  circuits,  and  six  sets 
of  brushes  at  60°  apart. 

We  will  first  construct  the  saturation  curve  of  the  machine. 

We  have  : — 

E  =  «xZxN«-i-  Io^ 
or 

E  =  ^  X  496  X  N,  -r-  io« ; 
00 

E  =  0*00000372  N^. 


The  dispersion  coefficient  of  this  machine  is  v 
Hence  we  have  : — 


=  I'l 


E 

N« 

N,« 

300 

8,100,000 

9,480,000 

280 

7,530,000 

8,800,000 

260 

7,000,000 

8,200,000 

230 

6,180,000 

7,230,000 

200 

5,400,000 

6,320,000 

From  the  drawings  we  obtain  :- 


9* 


f  > 


)> 


Length  of  mean  magnetic  path  in  magnet  yoke  (inches)       . 

two  magnet  cores  (inches) 
armature  core 
two  teeth 
two  air-gaps  (inch) 

And  for  the  magnetic  areas  : — 

For  the  yoke  (square  inches) =44 

magnet  cores  (square  inches) =  7S'5 

armature  body  „  =  53'o 


26 
28 

15 

3*250 
0*625 


The  polar  angle  being  43°,  we  have   for  the   number  of 

teeth  under  one  pole 

124  X  43  ^  ...7 

14  /• 

360 
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Owing  to  the  high  flux-densities  in  the  teeth  the  flux  will 
spread  considerably,  so  we  will  assume  16  teeth  as  the  number 
under  i  pole. 

The  pitch  of  the  slots  at  armature  face  is  0*84  inch,  arid 
hence  the  width  of  the  tooth  =  0*840  —  0*400  =  0*44. 

Consequently  the  area  of  the  teeth  under  each  pole  may 
be  taken  as : — 

16  X  0*44  X  9  =  64  square  inches. 

The  air-gap  area  will  be  taken  as  the  mean  of  the  tooth 
area  and  pole-face  area,  or 

— =  102  square  inches. 

We  have  now  all  the  data  for  constructing  the  saturation 
curve  and  no-load  characteristic.  It  will  be  sufficient  here  to 
work  out  two  points  on  the  curve,  as  the  method  is  the  same 
for  them  all. 

Taking  the  point  E  =  260  and  E  =  230  as  examples,  we 
obtain  the  two  tabulations  given  below. 

The  values  of  ampere-turns  per  inch,  S,  have  been  taken 
from  the  magnetization  curves  given  in  Plate  L,  though  it  is 
quite  probable  that  the  actual  brands  of  cast-steel  and  of  iron 
stampings  used  by  the  makers  had  slightly  different  values. 

The  value  for  the  air-gap  might  be  obtained  by  the  use  of 
the  gap-coefficient  0*3133,  as  explained  on  pp.  92  and  143. 


E  =  230. 


Na  =  6,180,000. 


Nw  =  7>230i«»- 


Part  of 
Machine. 


Yoke 


Material. 


cast  steel 


Magnetic.  Magnetic     Flux 
Length.     Section.  ,  Density. 


Two  magnet.     ^^  ^^^j 
cores       j ! 

Two  air-gaps ;         air 


Two  teeth 


'  (      iron      ) 


.\stampiDgs  / 

Armature      (      iron      1 
core  \stampings  / 


in. 

26 

28 
0-625 
3*250 

15 


sq.  in.    I 
2  X  44182,300 

78-5     j 92, 100 

102      1 60,700 

64      I  97,000 

2  X  53   58,400 


Value  of  8  from 
Curve. 


23 

32 

(  192  \ 

\  (per  J  },ji  inch)  / 

23 

2-75 


Total  ampere-turns  per  pair  of  poles  13,495 
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£  =  26a 


Nj,  =z  7,000,000. 


Nm  ==  8,200,000. 


Part  of 
Machine. 

ivr.»*n->i        Magnetic  Magnetic      Flux 
Material.         LcS^^^   ^  gefdon.    Density. 

1 

Value  of  d  from 
Curve. 

Ampere- 
Turns. 

in. 

sq.  in. 

Yoke 

cast  Steel         26       2  x  44    93,200             34 

884 

Two  magnet'^ 
cores      / 

cast  steel    >     28         78*5     104,300             60 

1 

1,680 

Two  air-gaps 

air           0-625!     102       68,6oo{(       *^S;„^y} 

13.430 

Two  teeth 

tstampingsj,  ^  *^^ 

64        109,000                107 

1 

348 

Armature 
core 

{staL^ngs}      ^5       2x53    66,000'              4 

1                                          1 

60 

Total  ampere-turns  per  pair  of  poles 

16,402 

In  the  same  way  we  calculate  other  points  of  the  curve 
obtaining : — 

When 

E  =  200,  necessary  ampere-turns  =  11,251 
E  =  280  „  „  =  20,298 

E  =  300  „  „  =25,915 


By  plotting  the  curve  connecting  these  five  points  we  obtain 
the  working  part  of  the  saturation  curve,  as  shown  in  Fig.  397. 
We  have  then  for  E  =  250  volts  ; 

Necessary  ampere-turns  at  no-load  =  Xi  =  15,300. 

We  will  now  proceed  to  find  the  necessary  ampere-turns  at 
full-load.  These  will  be  greater  than  those  required  at  no-load 
by  an  amount  depending  upon  : — 

1.  The  value  of  the  full-load  lost  volts. 

2.  Amount  of  armature  demagnetization. 

3.  „  „  distortion. 

Now  the  resistance  of  the  armature  including  brush-leads  • 
and   carbon  brushes   is  o'OoSi   ohm   brush-to-brush  at   the 
working  temperature. 

The  resistance  of  the  series  coils  is  0*00083  ohm. 

Hence  the  total  resistance  of  the  main  current  circuit  in 
the  machine  is  (o*oo8i  +  0-00083)  =  0*00893  ohm. 
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The  full-load  drop  is  therefore  : — 

e=s  600  X  0-00893  =  5-3  volts. 

Now  the  terminal  voltage  of  the  machine  at  full-load  is  2Sa 
Hence  the  armature  must  generate  at  full-load  250  +5*3 
=  2SS'3  volts. 


ucoooo-o  ■  '^-souod-aAUOMoitj.svi]  oaanoNi 
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Finding  this  point  on  the  scale  of  ordinates  of  the  curve 
and  projecting  it  across  we  find  the  point  X2  on  the  scale  of 
abscissa:,  which  corresponds  to  the  ampere-turns  required  per 
pair  of  poles  at  full-load  if  armature  reaction  were  entirely 
absent     This  makes  X2  =  15,900. 

Now,  the  number  of  slots  lying  between  the  pole-tips  is 

^"^3^  124  =  5-8 
360 

and  in  each  slot  there  are  four  conductors  carrying  100  amperes 
at  full-load.  Hence  the  demagnetizing  turns^^of  the  armature 
at  full-load,  and  upon  the  assumption  that  the  brushes  are 
moved  right  under  the  pole-tips,  are 

5*8  X  4  X  100  =  2320. 

Multiplying  this  number  by  i/,  the  necessary  compensating 
ampere-turns  per  pair  of  poles  are  therefore 

2320  X  1-17  =  2715. 

Adding,  then,  these  ampere-turns  to  X2  we  find  X3  =  18,615 
as  the  ampere-turns  necessary  at  full-load,  assuming  that  there 
were  no  drop  of  pressure  due  to  the  diminished  permeability 
of  the  teeth  at  the  forward  pole-horn,  due  to  distortion  of  the 
flux.  But  this  is  not  the  case.  We  must  therefore  allow  for 
this  as  explained  on  p.  527. 

For  this  we  have  : — 


Ampere-turns      )  _  47 


5    360 


X  124  X  4  X  100 


under  one  pair  poles)       360 

=  6500. 

We  set  off,  therefore,  6500  ampere-turns  on  each  side  of  the 
point  X3  upon  the  scale  of  abscissae,  and  obtain  thus  the  points 
A  and  B,  which  represent  the  hindward  and  forward  pole- 
horns  respectively.  If  distortion  of  the  main  flux  were  absent, 
the  latter  would  be  proportional  to  the  area  A  B  C  D.  But  as 
this  is  not  so,  it  is  proportional  to  the  smaller  area  A  B  L  K. 
In  order  to  make  this  area  equal  to  that  of  the  rectangle,  we 
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must  shift  the  point  F  higher  up  the  curve  to  the  position  F', 

so  that 

Area  A'B'  UK'  =  area  AB  CD. 

In  this  manner  we  obtain  the  point  X4  as  the  necessary 

ampere-turns  at  full-load. 

Their  value  is 

X4  =  19,70a 

Comparing  our  calculated  results  with  the  actual  values  of 
the  running  machine,  we  have  : — 


Output. 

Calculated  Values,    i      Actual  Values. 

15,300                         14,800 
'            19,700                        17,800 

At  no-load  .     . 
At  full-load 

The  discrepancy  between  the  values  calculated  from  the 
drawings  and  the  values  found  by  the  makers,  is  probably 
due  to  the  quality  of  iron  actually  used  being  better  than  that 
assumed  in  the  calculations. 

The  full-load  excitation  is  made  up  as  follows : — 

Shunt-turns  per  pair  of  poles,  3602  carrying  4*  10  amperes. 

Series-turns  per  pair  of  poles  5  carrying  600  amperes. 

Total  ampere-turns  per  pair  of  poles  : — 

3602  X  4*1  =  14,800  shunt  ampere-turns. 
5  X  600  =    3,000  series  ampere-turns. 

.•.     Total  ampere-turns  =  17,800 


Losses. 
I.  Copper  Loss  : — 

Armature. 

Wca  =  600  X  600    X  0*004 

=  1440  watts. 
Series  Coils, 

tUcc  =  600  X  600  X  0-00083  ; 
=  298  watts ; 
•  •.     Wc  =  1738    „ 
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2.  Iron  Loss. — The  number  of  cubic  inches  of  iron  in  the 
teeth  is  : — 

I  "625  X  0396  X  9  X  124  =  720  cubic  inches. 

The  frequency  of  reversal  of  magnetism  is  : — 

3  X  450  -7-  60  =  22  •  5  cycles  per  second. 

At  full-load  the  flux-density  is  130,000  lines  per  square 

inch.     Reference  to  the  curve  (p.  103)  shows  that  at  130,000 

lines  per  square  inch,  and  taking  17  (the  hysteretic  constant) 

as  0*003,  which  is  a  probable  value  for  armature  stampings, 

the  hysteresis  loss  will  be  about  0*038  watt  per  cubic  inch 

of  iron  at  i  cycle  per  second.     Hence  the  hysteresis  loss  in 

the  teeth  is  : — 

720  X  0*038  X  22*6  =  620  watts. 

Similarly,  on  reference  to  the  curve  of  eddy-current  losses 
on  p.  105,  we  find  that,  at  this  flux-density,  the  eddy-current 
loss  for  I  cubic  inch  of  iron  at  i  cycle  per  second  for  plates 
of  20  mils  thickness  is  0*00024  watt.  Now  the  stampings  of 
this  armature  are  only  18  mils  thick,  therefore  the  eddy-current 
loss  in  the  teeth  is  : — 

/q.q|Q\S 

720  X  0*00024  X (22 '5)2  X  : (,  =  70  watts: 

(0*020)- 

making  a  total  iron-loss  in  the  teeth  of  690  watts. 

The  number  of  cubic  inches  of  iron  in  the  armature  core- 
body  is : — 

{(29-75)2  X  0-78  X  9  }  -  {(18)*  X  0-78 X  9} 

=  3905  cubic  inches. 

At  full-load  the  flux-density  is  about  69,000  lines  per 
square  inch.  From  the  curves,  taking  as  before  the  hysteretic 
constant  as  77  =  0*003,  we  find  that  0*013  watt  is  lost  per 
cubic  inch  of  iron  at  I  cycle  per  second.  Hence,  the  hysteresis 
loss  in  the  core-body  is  : — 

3905  X  0*013  X  22*6  =  1140  watts. 

For  the  eddy-current  loss,  we  find  that  at  this  flux-density 
and  at  i  cycle  per  second,  and  for  stampings  20  mils  thick 
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0*00008   watt  is  lost,  so   that  the    eddy-current  loss  in  the 

core-body  will  be  : — 

/o'OiSV^ 

3005  X  o' 00008  X  (22 '5)*  X  ; f^  =  128  watts, 

^^^  ^       ^^       (o-02o)^ 

making  the  total  iron-loss  in  the  core-body  1268  watts. 

Adding  together  the  losses  in  the  teeth  and  core-body,  we 
have  as  the  total  iron-loss  of  the  machine : — 

Wi  =  1958  watts. 

3.  Excitation  Loss, — The  total  resistance  of  the  shunt 
winding  is  61  ohms,  therefore  the  current  through  the  shunt- 
coils  at  full-load  is — 

250 

^-    =4*1  amperes, 

W:,  =  4*1  X  250 
=  1025  watts. 

4,  Commutator  Losses, — Upon  the  commutator  are  pressed 
twenty-four  brushes  (4  per  pole),  and  the  area  of  each  brush 
is  about  1*75  square  inches,  making  a  total  area  of  brush 
contact  of  42  square  inches.  The  600  amperes  go  in  through 
21  square  inches  and  come  out  through  the  other  21  inches. 

Assuming  the  contact  resistance  to  be  0*03  ohm  per 
square  inch,  we  have  for  the  C2R  loss  at  the  commutator  : — 

2  X  600  X  600  X  0*03  -f-  21 
=  1032  watts. 

■ 

The  peripheral  speed    of  the  commutator  is  2475  feet  per 

minute. 

Assuming  brush  pressure  to  be  i  •  5  pounds  per  square  inch 
and  the  friction  coefficient  to  be  0*3,  we  have  for  the  friction 
of  the  commutator 

i'5  xo'3  X  42  X  2475  X  74^ 

33,000 

=  1055  watts. 

Hence  the  full-load  loss  by  brush  resistance  and  friction  is 

7CV,  =  2090  watts. 
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5.  Friction  and  Ventilation  Losses. — Owing  to  this  being  a 
rope-driven  machine  the  friction  losses  will  come  out  rather 
high,  say  3  per  cent  of  the  output,  that  is 

Wj  =  4500  watts. 

The  total  full-load  loss  is  obtained  by  takiilg  the  sum  of 
the  separate  losses,  that  is 

=  1738  -h  1958  -h  1025  -h  2090  -f  4500  ; 

or,  in  total,  11,310  watts  ;  say  11*3  kilowatts. 
Therefore  the  full-load  efficiency  is  : — 

7]  =  — ^ =  93  per  cent. 

'        (1504-11-3)       ^    ^ 

Probable  Heating, — (cl)  Armature.  From  the  drawings  the 
heat-radiating  surface  of  the  armature  is  found  to  be  about 
2500  square  inches. 

The  peripheral  speed  is 

33  X  3-1416  X  450  ^  2835  feet  per  minute. 

The  watts  lost  in  the  armature  at  full-load  are  : — 

Iron  loss  .....  1958 

Copper  loss     .....  1440 

making  the  watts  wasted  per  square  inch  of  radiating  surface 

^?5    =1-36  watts  per  square  inch. 
2500 

A  reference  to  the  lower  curve  of  Fig.  99  shows  that  the 
temperature-rise  per  watt  per  square  inch,  for  a  peripheral 
speed  of  3835  feet  per  minute,  is  for  large  well-ventilated 
armatures  25  deg.  C. 

Hence  we  have 

^^  =  25  X  I '36  =  27-2  deg.  C 

{p)  Field-magnet  system.  Here  the  radiating  surface  is 
about  342  square  inches  per  bobbin,  or  a  total  of  2052  square 
inches.     The  watts  lost  in  the  shunt  coil  have  been  already 
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estimated  at  1025,  and  the  watts  lost  in  heat  in  the  series 
winding  are 

(600  X  600  X  o*cxx)83)  =  298  watts. 

Hence  the  probable  rise  of  temperature  of  the  field  coil  is 

(1025  +  298)  X  75 

2052 

0^  s  49  deg.  C. 

{c)  Commutator.     For  the  probable  heating  of  this  part  of 
the  machine  we  have  (p.  520) 

0  _      46-5  X  2090 

21  X  3'i4  X  9'5  (I  +  0-0005  X  2475) 

^^  =  69  deg.  C. 

Sparking. — We  have  already  found  the  value  of  the  cross- 
magnetizing  ampere-turns,  namely, 

X^  =  6500 

The  ampere-turns  required  for  the  gap  and  teeth  at  full-load 
are  about  16,700,  the  flux-density  in  the  former  being  65,000. 
Hence  the   flux-density  under  the  entrant  pole-horn  is 
approximately 

65,000  X  — '^  ^  "" — - —  s=  39*700  lines  per  square  inch, 

10,700 

which  is  amply  suflicient  for  commutation  (see  p.  276). 

Applying  the  sparking  criteria  described  on  p.  278  and 
taking  the  formulae  there  given,  we  find  the  present  data  are 

Bg  =  65,000 

?i  -  570 
K   =  248 

^2    ^-  2  • 

g     =0-31 

^    =33 
whence       Yi  =  65,000  X  2  -r  570  =  228. 

Y2  =  248  X  0-31  -T-  33(1  +  2)  =  078 

Thus  Yi  and  Yj  are  both  above  the  minimum  values  pre- 
scribed on  p.  278,  and  we  may  assume  that  the  machine  will 
not  spark. 

I.  2  Q 
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^^%'  398  gives  the  test-curves  of  the  performance  of  this 
machine  running  on  the  testing-bed  of  the  factory. 
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Example  IL — Over-compounded  Multipolar  Traction 
Generator  with  Slotted  Drum  Armature. 

Built  by  The  Walker  Manufacturing  Company. 

M  P — 10 — 440 — 85 — 550  volts — 800  amperes. 

The  leading  dimensions  and  data  given  below  and  in 
Figs.  399,  400  and  401,  were  kindly  placed  at  the  disposal 
of  the  author  by  the  late  Prof.  S.  H.  Short,  formerly  the 
company's  chief  engineer. 

General  Specification. 

Full-load  kilowatts 

terminal  volts 

amperes 
No-load  terminal  volts 
Revolutions  per  minute 
Peripheral  speed,  feet  per  minute 
Number  of  poles 
Nature  of  load    . 


>» 


t( 


Dimensions  (in  inch  units). 
Armature — 

Core-disks,  external  diameter 

„  internal         „ 

Number  of  slots . 

Depth  of  slot 

Width      „  .  .  . 

Pitch        „         (average) 

Depth  of  iron  in  core  . 

Gross  length  of  core     . 

Iron         „         ,1  .  . 

Total  number  face  conductors 

Conductors  per  slot 

Style  of  winding 

Dimensions  of  conductor,  bare 


440 

550 
800 
500 

2000 
10 
Traction 


» 


>» 


yt 


o- 


insulated  o 


Section  of  conductor 
Mean  length,  otie  turn 


90 

68 

464 

1-75 
0-3 

0-6 

9-25 

i8-5 

13-8 

1856 

4 
Parallel 

06  X  0-71 

08  >c  0-75 

o • 0426 

103 


(,)  2 
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Field -magnets. 

Diameter  of  bore 

91 

Polar  angle 

27° 

Turns  per  pair  of  poles,  shunt 

2200 

• 

„             ,,             ,1      series 

19 

Mean  length,  one  shunt  turn 

79 

• 

„          „         „     series     „ 

78 

Diameter  shunt  conductor,  bare 

.  0-162 

„             „             „           insulated 

.  0-185 

Section  (square  inches) 

• 

.  0-0206 

Dimensions  series  conductor, 

bare        .          .          .          .5 

of  o- 

75  X  0-28 

Dimensions  series  conductor, 

insulated          .          .          .5 

of  O" 

79  X  0-32 

Section  of  series  conductor  . 

■ 

5  X  0'2I 

Shunt  current  at  no-load 

■ 

10-7 

„            „       full-load 

■ 

II-8 

Commutator, 

Diameter  .... 

70 

Useful  length 

.         8-5 

Number  of  segments   . 

928 

Bars  per  brush    . 

3-3 

Brushes  per  pole 

3 

Size  of  brushes   . 

i 

X  2^  X  2^ 

Area  at  commutator  face 

■ 

.     1-95 

In  this  machine,  which  is  a  representative  type  of  tram- 
way generator,  the  wrought-iron  magnet-cores  are  cast  in 
with  the  magnet-yoke,  and  are  of  square  section.  The  pole- 
horns  are  secured  to  the  poles  after  the  field  bobbins  have 
been  slipped  on.  The  series  winding  is  not  wound  over  the 
shunt  winding,  but  in  a  separate  compartment  of  the  bobbin, 
as  may  be  seen  from  the  section  of  the  latter  given  in  Fig.  400. 
The  armature  slots  are  quite  straight  with  slightly  rounded 
corners,  and  of  width  equal  to  the   average  width  of  tooth. 
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There  are  four  ventilating  ducts  in  the  armature,  each  0*5625 
inch  wide,  while  the  paper  insulation  between  the  core-disks 
deducts  1 5  per  cent,  from  the  gross  section  of  the  core.  The 
ratio  of  nett  length  to  gross  length  of  armature  iron  is  thus 
0'745.  There  are  ten  parallel  circuits  in  the  armature,  and 
ten  sets  of  carbon  brushes  at  36  degrees  apart  around  the 
commutator. 

The  design  of  this  machine  may  now  be  analysed  in  pre- 


-X 


Fig.  400. — Dimensions  of 
Bobbin. 


k 'e093. 


%  TOOTH       -^        50 
N9  OF   SLOTS  -    464 

Fig.  401. — Dimensions  of 

Slots. 


cisely  the  same  manner  as  in  the  last  case.  The  first  thing 
to  do  is  to  construct  the  saturation  curve  and  no-load  cha- 
racteristic.    We  have 

E  =  ^5  ^  1856  X  N    X  10-8; 
E  =  0-0000263  X  N^. 

The  dispersion  coefficient  of  this  machine  has  been  deter- 
mined experimentally  by  the  makers,  and  found  to  be  1*13 
and  nearly  independent  of  the  load.     Hence 


E 

N^ 

N«, 

460 

17,500,000 

19,750,000 

500 

19,000,000 

21,500,000 

520 

19,750,000 

22,300,000 

560 

21,300,000 

24,900,000 

580 

22,000,000 

24,900,000 

600 

22,800,000 

25,800,000 
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•                            • 

.     50 

•                            • 

35 

»                             • 

•       33 

•     3-5 

•                      • 

I 

25.x 

932  =  233  sq.  in 

16  X 

16      =  256     „ 

.  9-25  X 

13-8=128     „ 

From  Fig.  399   and  the  data   already  given   above,   we 
obtain 

Length  of  mean  magnetic  path  in — 
Magnet  yoke  (inches) 
Two  magnet  cores 
Armature  core 
Two  teeth     . 
Two  air-gaps 

And  for  the  magnetic  areas — 

for  the  yoke 

„       magnet  cores 
„       armature  core 

The  actual  number  of  teeth  under  one  pole  is 

4^4  X  jl^    =  34.8. 
360 

As  the  air-gap  is  on  the  whole  large  compared  with  the 
diameter  of  the  armature,  and  as  the  teeth  are  worked  at 
high  flux-densities,  the  flux  will  spread  considerably,  and  for 
this  reason  we  will  take  the  number  of  teeth  transmitting  the 
flux  as  being  37.  The  average  pitch  of  the  slots  is  0'6,  and 
their  width  o*  3  inch.     Hence  the  area  of  the  teeth  is 

37  X  (c 6  —  0-3)  X  13-8  =  154  square  inches. 

Also,  owing  to  the  high  densities  in  the  teeth,  and  the 
rounded  corners  of  the  latter,  the  area  of  the  air-gap  will  be 
very  nearly  the  same  as  that  of  the  pole-face.     This  latter  is 

9ij<^3M4i6^  27  X  i8-5  ^  3^^  ^^^^^^  j^^^es. 

This  figure  would  adequately  represent  the  air-gap  area  if 
there  were  no  ventilating  ducts  in  the  armature  core.     Re- 
ducing the  polar  area  obtained  above  in  the  proportion  of  the 
length  without  ducts  to  the  length  of  pole-face,  we  obtain 

^Q7  X   16*21* 

Area  of  air-gap  =  ^^ — ?  =  348  square  inches. 
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The  two  tabulations  below  give  the  working  out  for  two 
points  of  the  saturation  curve*  namely,  when  E  s  520  and 
E  =  560.  The  tooth  flux-densities  given  are  the  true  values, 
obtained  from  the  apparent  values  by  means  of  curve  A  A  of 
^^Z'  79-  Th^  values  of  ampere-turns  per  inch  (5)  have  been 
obtained  from  the  magnetization  curves  of  Plate  I. 

E  =  520;  Ha-  19,750,000;  NjK  =  22,300,000. 


Part  of  Machine. 
Yoke  . 

Matcfial. 

Macnetic 
Length. 

50 

1 

Magnetic 
Area. 

233 

Flux- 
den»ity. 

47,600 

Values  of  a 

(from 

Curve)L 

92 

Ampere- 
turns. 

4600 

Cast  iron 

Two  magnet)! 
cores         ./' 

Wrought  iron 

35 

256 

87,000 

28*5 

1000 

Two  air-gaps 

Air 

I 

34« 

56,700 

[o*3«33] 

18,100 

Two  teeth    . 

Iron  stampings 

35 

154 

123,000 

700 

2450 

Annature  core  ■ 

»» 

33 

128 

77,000 

8 

264 

1 

1 

Total  ampere-turns  per  pair  of  poles 

26,414 

E 

=  560;  N*  = 

21,300,000;   Wm  ' 

=  24,000, 

,000. 

Part  of  Machine., 
Y<Ae  . 

MateriaL 
Cast  iron 

Magnetic 
Length. 

50 

1  Magnetic 
1     Area. 

1 

Flux- 
density. 

5»»400 

Vahmofa 

(from 

Curve). 

"5 

Ampeie- 
'    turns. 

5750 

233 

Two  magnet  V 
cores        ./i 

Wrought  iron 

35 

256      1 

93.600 

45 

1575 

Two  air-gaps   1 

Air 

I 

348 

61,100 

Co-3«33] 

19,200 

Two  teeth    . 

Iron  stampings ' 

35 

'54     , 

131,000 

1400 

4900 

Armature  core  ■ 

»» 

33 

128     \ 

83,000 

II 

365 

1 

Total  ampere-tur 

Ds  per  pair  of  poles 

31,790 

In  the  same  way  we  calculate  other  points  of  the  curve, 
obtaining 

When  E  =  460,  necessary  ampere-turns  =  20,710 
=  500  „  „  =  24,040 

=  580  „  „  =  34,960 

=  600  „  „  =  39,100 


ff 
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By  plotting  the  curve  connecting  these  six  points  we 
obtain  the  working  part  of  the  no-load  characteristic,  as 
shown  in  Fig.  402.     We  have  then 

Necessary  ampere-turns  at  no-load  =  Xi  =  24,250. 

We  will  now  proceed  to  find  the  necessary  ampere-turns 
at  full-load.  These  will  be  greater  than  those  required  at  no- 
load  by  an  amount  depending  upon — 

(i)  Amount  of  over-compounding  asked  for. 

(2)  The  value  of  the  full-load  lost  volts. 

(3)  Amount  of  armature  demagnetization. 

(4)  „  „  distortion. 

Now,  there  are  1856  conductors  in  series  round  the  whole 
armature,  that  is,  928  turns.  From  the  data  already  given 
(P-  5 1 5)»  we  thus  have  for  40°  C. 

r  =    9-^  X  ggjx  i£3    =  1 .72  ohms 

12   X  0-0426  X   lO' 

and  the  resistance  of  the  armature  at  this  temperature  is  thus 

I  *  72 

r   =        -'-    ,,  =  0'0i72  ohms. 

There  are  19  turns  of  series  conductors  per  pair  of  poles, 
the  mean  length  of  one  turn  being  (78-7-  12)  =6*5  feet. 
Hence  the  total  resistance  of  the  series  winding  at  40**  C.  is 

r    =  9'-  ^-^  ^ '  S_X  19  ^  5 

'"        I  05  X  1,000,000 

=  0*00542  ohm. 

Hence  the  total  resistance  of  the  main  current  circuit  in 
the  machine  is  (0*0172  -|-  0*0054)  =  0*0226  ohm.  The  full- 
load  drop  is  therefore 

e  =  800  X  0'0226  =  i8*  I  volts. 

Now,  the  terminal  pressure  of  the  machine  at  full-load  is 
to  be  550,  corresponding  to  an  over-compounding  of  10  per 
cent.  Hence  the  armature  must  generate  at  full-load  (550  + 
18' i)  =  568  volts.  Finding  this  point  on  the  scale  of  ordi- 
nates  of  the  curve,  and  projecting  it  across,  we  find  the  point 
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Xa  on  the  scale  of  abscissae,  which  corresponds  to  the  ampere- 
turns  required  per  pair  ( of  poles  at  full-load  if  armature 
reaction  were  entirely  absent. 

Now,  the  number  of  slots  lying  between  the  pole-tips  is 

360  ^ 

« 

and  in  each  slot  there  are  four  conductors  carrying  a  little  over 
80  amperes  at  full-load.  Hence  the  demagnetizing  turns  of 
the  armature  at  full-load,  and  upon  the  assumption  that  the 
brushes  are  moved  right  under  the  pole-horns,  are 

11*5x4x80  =  3680. 

The  compensating  ampere-turns   per  pair  of  poles   are 
therefore 

3680  X  I  '13  =  4160. 

Adding  then  these  ampere-turns  to  Xa  we  find  Xs  as  the 
ampere-turns  necessary  at  full-load,  assuming  that  there  is  no 
drop  of  pressure  due  to  the  diminished  permeability  of  the 
teeth  at  the  forward  pole-horn,  due  to  distortion  of  the  flux. 
But  this  will  not  be  the  case,  owing  to  the  high  flux-densities 
in  the  armature  teeth.  We  must  therefore  allow  for  this  as 
explained  on  p.  527.     For  this  we  have  : — 

Ampere-turns  under  \  =  2/   >,  ^g^  ^  4  X  80 
one  pair  poles       J        360   . 

=  11,100. 

We  set  off*,  therefore  1 1,100  ampere-turns  from  each  side  of 
the  point  X3  upon  the  scale  of  abscissae,  and  obtain  thus  the 
points  A  and  B,  which  represent  the  backward  and  forward 
pole-horns  respectively.  If  distortion  of  the  main  flux  were 
absent,  the  latter  would  be  proportional  to  the  area  A  B  C  D, 
But  as  this  is  not  the  case,  it  is  proportional  to  the  smaller  area 
A  B  L  K.  In  order  to  make  this  area  equal  to  that  of  the 
rectangle,  we  must  shift  the  point  F  higher  up  the  curve  to 
the  position  F',  so  that 

area  A'  B'  IJ  K*  =  area  A  B  C  D. 


6o4  DynanuhEUciric  Machinery. 

In  this  manner  we  obtain   the   point   X4  as  the  necessary 
ampere-turns  at  full-load.     Their  value  is 

X4  =  38,500. 

Comparing  our  results  with  the  actual  values  of  the  running 
machine  we  have — 


Output. 

'    CalcuUrnI  Values. 

Actual  Values- 

At  no-load 

24,250 

23,600 

At  full-load 

38»5«) 

41,200 

Showing  that  the  calculated  value  is  about  2^  per  cent,  too 
high  at  no  load,  and  6^  per  cent,  too  low  at  full-load,  which  is 
good  enough.  Had  the  magnetic  properties  of  the  iron  used 
for  this  machine  been  definitely  known,  a  somewhat  better 
result  might  have  been  obtained. 

Calculation  of  Full-Load  Efficiency, — 

(i)  Copper-loss.     This  is 

lu^  =  800  X  800  X  0*0226 

w^  =  14,500. 

(2)  Iron-loss.     The  weight  of  iron  in  the  teeth  is 

1*75  X  0*3  X  13-8  X  464  X  0*28 
=  944  pounds. 

The  frequency  of  reversal  is 

-^  X  5  =  7  •  I  periods  per  second. 

They  are  worked  at  a  flux-density  of  about  132,000  lines 
per  square  inch  at  full-load.  From  the  curves  of  Fig.  54,  p.  loi , 
we  see  that  at  a  flux-density  of  80,000  lines  per  square  inch 
and  a  frequency  of  30  'nj  the  hysteresis  watts  per  pound  arc 
about  2'  I,  and  the  eddy  loss  0"8  watt  per  pound  Therefore 
the  hysteresis  loss  in  the  teeth  is 

944  X  2-1  X  71  X  (132000)'° 
30  X  (80000)''^ 
=  1040  v/atts. 


r 
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And  the  eddy-current  loss  in  the  teeth  is 

944  X  0'8  X  (7'i)'  X  (132,000)* 

(3o)*"x  (80000)* 

=  115  watts, 

making  a  total  iron-loss  in  the  teeth  at  full-load  of  1 155  watts. 
The  weight  of  the  armature  core  is 

('?6l5_+ 68  ^  j.j^jg  X  128)  X  0-28 
=  8750  pounds. 

At  full-load  it  is  worked  at  a  flux-density  of  about  85,000 
lines  per  square  inch.  From  the  curves  of  iron-loss  we  see 
that  at  30  periods  per  second  and  at  this  flux-density  the 
hysteresis  loss  is  about  2  *  3  watts  per  pound,  and  the  eddy- 
current  loss  0'9  watt  per  pound.  Hence  the  hysteresis  loss 
in  the  core  is 

8750  X  2*3  X  -  -  =  4760  watts. 

And  the  eddy-loss  is 

8570  X  0*9  X  \ -  /,  =  440  watts. 
^        (30)* 

So  that  the  total  iron-loss  in  the  core  is  5200  watts.  Adding 
this  to  the  loss  in  the*  teeth  we  have  as  the  total  iron-loss  of 
the  generator  at  full-load 

^v.  =s  6355,  say  6360  watts. 

(3)  Excitation  loss.  There  are  2200  shunt-turns  per  pair 
of  poles.  Taking  the  previously  calculated  value  of  full-load 
ampere-turns,  we  have  as  the  shunt  current  at  full-load 

38.S00  -  (19  X  8oo)_  j^.g  ^  3^ 

2200 

Hence 

Tt'^  =  iO'6  X  550  =  5840  watts. 

(4)  Commutator  loss.  There  are  altogether  30  carbon 
brushes  upon  the  commutator,  the  section  of  each  at  the 
commutator  face  being  i  *  95  square  inches.  The  total  area 
of  contact  is  thus  58*5  square  inches.     Assuming  the  contact 
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resistance  to  be  0*03  ohms  per  square  inch  of  contact  area 
(p.  241)  we  have  as  the  C*  R  loss  at  the  commutator 

2  X  800  X  800  X  P^^  =s  1320  watts. 

29-75 

The  peripheral  speed  of  the  commutator  is 

Assuming  the  brush  pressure  to  be  1*5  pounds  per  square 
inch,  and  that  the  friction  coefficient  is  0*3,  we  have  as  the 
friction  loss  of  the  commutator 

1*5  X  58-5  X  1560  X  0-3  X  746 

~33,ooo~ 

=  930  watts. 

Hence  the  total  loss  by  brush  resistance  and  by  friction  is 

zv^  =  2250  watts. 

(5)  Friction  and  ventilation  losses. — Taking  these  as  i  per 
cent,  of  the  full-load  output — an  ample  estimate — we  have 

w  =  4400  watts. 

The  total  full-load  loss  is  the  sum  of  the  five  losses  above, 
or 

"^  ==  33>390  watts. 
Therefore  the  full-load  efficiency  is 

-440 ^^=0-928 


(440  +  33-9) 
1;  =  92 '  8  per  cent. 

Probable  Heating. — 

{a)  Armature.  From  the  drawings  the  heat-radiating 
surface  of  the  armature  is  found  to  be  about  i  I,CXX)  square 
inches.     The  peripheral  speed  is 

9?  X  3:i4L6  XJS  =  2000  feet  per  minute. 
12 


Analysis  of  Dyftamo  Design.  607 

The  watts  lost  in  the  armature  at  full-load  are 

Iron-loss  .     6380 

Copper-lo3s  .     800  x  800  X  0*0172  =  11,000 

making  the  watts  wasted  per  square  inch  of  radiating  surface 

Z'3      —  I .  j3  vvatts  per  square  inch. 
11,000  I-       ^ 

A  reference  to  the  lower  curve  of  Fig.  99,  p.  187,  shows 
that  the  temperature-rise  per  watt  per  square  inch  for  a 
peripheral  speed  of  2000  feet  per  minute  is  30°  C.  Hence  we 
have 

^^  =  30  X  1-58  =  47-5  deg.  Centig. 

(p)  Field-magnet  System.  Here  the  radiating  surface  is 
about  2000  square  inches  per  bobbin,  or  a  total  of  20,000 
square  inches.  The  watts  lost  in  the  shunt  coils  have  been 
already  estimated  at  5840,  and  the  watts  lost  in  heating  the 
series  winding  are 

(800  X  800  X  o  •  0054)  =  3460  watts. 

Hence  the  probable  rise  of  temperature  of  the  field- 
coils  is 

(5840  +  3460)  X  75 
20,000 

0,n  =  35  deg.  Centig. 

{c)  Commutator.  For  the  probable  heating  of  this  part 
of  the  machine  we  have  (p.  520) 

^   _      ,_    _  _      46-5  X  2250 

*"     70  X  3'  14  X  8*5  (I  +  0-0005  X  1560) 

^^  =  28  deg.  Centig. 

Sparking, — We  have  already  found  the  value  of  the  cross- 
magnetizing  ampere-turns,  namely, 

X^  =  11,100. 
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The  ampere-turns  required  for  the  gap  and  teeth  at  full- 
load  are  about  25,000,  the  flux-density  in  the  former  being 
about  61,000.  Hence  the  flux-density  under  the  entrant 
pole-horn  is  approximately 

6,.ooox'5.^-^''°^ 

25,000 

=  34,000  lines  per  square  inch, 

which  is  a  sufficient  value  for  sparkless  reversal. 

Applying  the  two  criteria  of  sparking  (p.  278),  we  have 
the  following  data  : — 

B3  =  19,000  lines  per  square  inch  ; 

^/   =  90        inches  diameter  of  core  ; 

K  =  928       total  segments  of  commutator  ; 

'f'2  =  3*3  number  of  segments  of  commutator  short- 
circuited  at  once  ; 

g  =  o*5       inches  across  gap  ; 

qi  =  1856  X  80  -=-  90  TT  =  525  ampere-conductors  per 

inch  at  full-load  ; 

whence  we  get : 

Y,  =  19,000  X  3'3-T-525  =  119; 

Y2  =  928  X  0-5 -r 90  (I  +  3*3)  =  i'2. 

Now  for  a  sparkless  result  (see  p.  278)  in  this  class  of 
machine  the  conditions  are  that  Yi  should  not  be  less  than 
38,  nor  Y2  less  than  i  •  2.  From  both  points  of  view,  there- 
fore, the  criterion  is  satisfied  by  the  design.  As  a  matter  of 
fact,  the  machine  runs  quite  sparklessly  with  adjusted  brushes ; 
and  even  wth  fixed  brushes  runs  nearly  sparklessly  at  all  loads 
up  to  25  per  cent  overload. 

The  flux-density  in  the  gap  being  6d,ooo,  and  the  specific 
load  525  ampere-conductors  per  inch,  the  stiffness-ratio 
(p.  277)  is  no  less  than  112;  and  as  the  volts  per  segment  are 
5  -9,  the  commutation  ratio  is  19. 


I- 
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Arrangement;         .  Two  in  parallel  per  slot 

Style  of  winding  ....        Parallel 
Dimensions  of  each  conductor, 
bare  .         .         .  (0'ii8  x  0785) 


Dimensions  of  each  conductor, 

insulated  .         .         .    (o- 158  x  0-825) 

Section  of  each  conductor     .  ,  .   0x93 

Mean  length,  one  armature  turn    ,  ■   9'  5  feet 


'A 


f 


3; 

Ik 


^ 
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Field-magnets. 

Diameter  of  bore .  .  ,  ,  . 

Polar  angle  ...■,. 

Turns  per  pair  of  poles 
Mean  length  of  one  turn 


612 
6  feet 


i.  404. — Brown's  Elkctro-Mih'allurgical  Generator. 


Diameter  of  wire,  bare 

„  „        insulated  . 

Section  of  wire  ■ 
Shunt  current,  no-load  (observed) 
„  „     full- load  (observed) 

Commutators  {two}. 
Diameter  of  each 
Number  of  segments   . 
Active  length      .... 


0-303 
0-326 
0-072 

37 


51 
196 
lo-s 
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An  inspection  of  the  drawings  shows  that  the  magnet 
cores  are  of  circular  section,  cast  in  one  piece  with  the  yokes, 
and  without  polar  extensions.  The  field  frame  is  cast  in  two 
pieces  and  bolted  together  at  top  and  bottom.  All  the  field- 
bobbins  are  connected  in  series.  The  armature-slots  are 
straight,  and  of  the  dimensions  given  above.  It  has  two 
ventilating  apertures,  each  0'S9  inch  wide,  and  the  core-disks 
are  insulated  with  paper,  deducting  15  per  cent,  from  the 
gross  section.  The  armature  has  two  distinct  windings,  each 
having  its  own  commutator.  There  are  eight  parallel  circuits 
in  each,  and  eight  sets  of  brushes  at  45°  apart  for  each  com- 
mutator. 

We  will  first  construct  the  saturation-curve  of  the  ma- 
chine.    We  have 

E  =  ;i  X  Z  X  N^  -^  io« 

orE  =    ?i0^x  196  X  N    -T-  io« 
60  *• 

E  =s  0-60000815  N^ 

A  reference  to  the  table  of  leakage  coefficients  given  on 
p.  137  gives  V  =  I*  18  for  machines  of  this  type  and  output. 
Hence  we  have 


E    I 

N« 

N,„ 

180 

22,050,000 

26,000,000 

160 

19,600,000 

23,200,000 

140 

17,200,000 

20,250,000 

120 

14,700,000 

17,400,000 

100 

12,250,000 

14,500,000 

80 

9,800,000 

11,600,000 

From  the  drawings  we  obtain  : — 

Length  of  mean  magnetic  path  in  magnet  yoke 

two  magnet  cores 
armature  core . 
two  teeth 
two  air-gaps    . 


)) 
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40 
27 

3P 
34 
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And  for  the  magnetic  areas  : — 

For  the  yoke        .         5 '5  X  23*6         ==  130  square  inches, 
magnet  cores  (18 "5)^  X  0*785  =  269 
armature  core  63x15*7         =    99 

As  will  be  noticed,  the  sides  of  the  teeth  are  nearly  parallel. 
The  polar  angle  being  30"^,  we  have  for  the  number  of  teeth 
under  one  pole 

392x30^      ^6 

360  ^ 

The  average  pitch  of  the  slots  is  0*54  inch,  and  hence  the 
width  of  tooth  =  (0*54  -  0'2i6)  =  0*324  inch. 

Consequently  the  area  of  the  teeth  under  each  pole  may 
be  taken  as 

32*6  X  0*324  x  15*7  =  166  square  inches. 

The  air-gap  area  will  be  the  mean  of  the  tooth-area  and 
pole-face  area,  or 

-^  ~~ =218  square  inches. 

We  have  now  all  the  data  for  constructing  the  saturation 
curve  and  the  no-load  characteristic.  It  will  be  sufficient 
here  to  work  out  two  points  of  the  curve,  as  the  method  is 
the  same  for  them  all.  Taking  the  points  E  =  130  and 
E  =  100  as  examples,  we  obtain  the  two  tabulations  given 
below.  The  values  of  ampere-turns  per  inch,  S,  have  been 
taken  from  the  magnetization  curves  given  in  Plate  I. 

E  =  100;  Nrt  =  12,250,000;  Nm  =  14,500,000. 


Part  of  Machine. 


Yoke  . 

Two  magnet) 
cores        .  j 

Two  air-gaps 

Two  teeth    . 

Armature  core 


Material. 
Cast  steel 


Magnetic    Magnetic 


Flux. 


Length.       Section.       density.       c^jy™)     i     turns. 


Value  of  d 
(from 


Ampere* 


f  ? 


Air 
Iron  stampings 


40 

27 

I 

3*4 
30 


2  X  130:  55,700  '     10-6 


269 

218 

166 


54,000   i         10 


424 

270 


56,200     [0-3133]      17,620 
74,000   '  7  24 


2  X  99       62,000  4  I20 

Total  ampere-turns  per  pair  of  poles .   ,  18,458 
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E  =  130;  Na  =  i5,9CX),ooo;  Nw  =  18,800,000. 


Par.  of  Machi.c.  '■  Material.  |  '^^J  ^^^  ^^_  ""j^^' '  '^^^- 

Yoke.         .  Cast  steel  |      40  2x130  72,300  i6-8  670 

Two^magnetJ  ^^                   ^^  ^^  ^^^^  ,5..  ^ 

Two  air-gaps  Air                   i  218  73iOOO  [o*3^33]  22,900 

Two  teeth    .    '  Iron  stampings '      3*4  166  95.700  22*6  77 

Armature  core '  „  I       30  2  x  99  80,300  9  270 

I  Total  ampere-turns  per  pair  of  poles.  24,337 


In  the  same  way  we  find  other  points  on  the  curve,  ob- 
taining thus 

E  =  180  ;    Ampere -turns  =  41,500 
,,     160;  „  =32,750 

„     140;  „  =  27,000 

„     120 ;  „  =  22,200 

By  plotting  the  curve  with  these  various  values,  we  obtain 
the  saturation  curve  of  the  machine  as  shown  in  Fig.  405, 
in  which  the  no-load  ampere-turns  required  are  given  by  the 
abscissa  Xi. 

We  next  proceed  to  estimate  the  excitation  required  at 
ull-load.  As  the  teeth  are  worked  at  quite  normal  flux- 
densities  in  this  machine,  it  will  not  be  necessary  to  compen- 
sate for  diminished  permeability  due  to  the  distortion  of  the 
main  flux.  In  other  words,  we  have  only  to  allow  for  the  lost 
volts  and  for  the  demagnetizing  effect  of  the  armature  cur- 
rent in  our  calculations. 

In  each  armature  there  are  196  slots,  containing  the 
equivalent  of  one  bar  per  slot.  That  is  to  say,  98  turns,  and 
the  copper  section  per  slot  is  (2  x  0-093)  =  0'i86  square 
inches.  Hence  we  have  for  the  resistance  of  the  whole  of 
the  winding  in  each  armature  at  40°  C. 

^^  9-2  X  98  X  9-5 
0'i86  X  10* 
c=  0*046  ohms. 
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Therefore  the  resistance  of  each  armature  is 

r  o  •  04.6 

=      >- -  =  0-CXX)72. 
4  X  /-  64 
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Fig.  405. — Saturation  Curve  of  Brown's  Electro-metallurgical 

Dynamo. 

And  as  the  two  armatures  are  in  parallel  with  one  another, 

r^  =  '  ^    =  0*00036  ohm. 
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The  lost  volts  at  full-load  are  therefore 

e  =  4000  X  o'cxx)36  =  i  '44. 

So  that  at  full-load  the  total  induced  electromotive-force 
must  be,  say,  121  "5  volts.  Projecting  this  value  on  the  scale 
of  ordinates  across  to  the  curve,  we  obtain  the  abscissa  Xa  as 
the  necessary  ampere-turns. 

Now  the  slots  lying  between  the  pole-tips  are 

--?    X  392  =  i6*3 
360       ^^  ^ 

and  the  volume  of  current  in  each  at  full-load  is  250  amperes. 
The  demagnetizing  ampere-turns  of  the  armature  are  there- 
fore 

i6'3  X  250  =  4080, 

assuming  that  the  brushes  are  just  under  the  pole-tips  at  this 
load.  Adding  then  this  number,  multiplied  by  the  leakage- 
coefficient,  i*i8,  to  X2  we  obtain  the  point  X3  as  giving  the 
necessary  ampere-turns  at  full-load.     Their  value  is 

X3  =  26700. 

The  tabulation  below  gives  a  comparison  of  our  cal- 
culated values  with  the  actual  values  observed  on  the  running: 
machine. 


Output. 
At  no-load 
At  fuU  „ 


Calculated  Values.        Observed  Valueis. 
22,200  22,700 

26,700  29,400 


It  will  be  noticed  that  the  full-load  calculation  comes  out 
somewhat  too  low.  The  reason  for  this  is  not  far  to  seek. 
We  assumed  throughout  that  the  leakage  coefficient  at  full- 
load  is  no  higher  than  that  at  no-load,  which  is  probably  not 
the  case.  Also,  owing  to  the  collection  by  the  carbon  brushes^ 
the  contact  resistance  of  which  is  comparable  to  that  of  the 
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armature  winding,  there  will  be  a  further  drop  across  them 
which  has  not  been  allowed  for  in  the  full-load  calculation. 

Calculation  of  full-load  efficiency — 
(i)  Copper-loss.     For  this  we  have 

w  =  4000  X  4000  X  0'CXD036 
zv  =4160  watts. 

(2)  Iron-loss.     The  weight  of  iron  in  the  teeth  is 

1*7  X  0-324  X  15*7  X  392  X  0*28 

=  950  lbs. 

The  frequency  of  reversal  is 

V^  X  4  =  i^'S-*. 
60 

At  full-load  they  arc  worked  at  a  flux-density  of  about 
90,000  lines  per  square  inch.  Reference  to  the  iron-loss 
curves  of  Fig.  54  tells  us  that  at  30  '^  and  this  flux-density 
the  hysteresis-loss  is  2*5  watts  per  pound  of  iron,  and  the 
eddy-current  loss  about  i  'O  watt  per  pound.  Therefore  the 
hysteresis-loss  in  the  teeth  is 

950  X  2*5  X =  1315  watts 

and  the  eddy  current  loss  is 

950  X  I  -o  X  ^^,     , ;    =  291  watts, 
^  (30)'  ^ 

making  a  total  iron-loss  in  the  teeth  of  1606  watts. 
The  weight  of  the  armature-core  is 


/   5       ^  53  ^  3-1416  X  99)  X  o- 
=  5190  lbs. 


At  full-load  the  flux-density  is  about  76,000  lines  per 
square  inch.  From  the  curves  of  iron-loss,  p.  loi,  we  see 
that^  at   30 '-  and  at  this  flux-density  the   hysteresis-loss   is 
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about  I  9  watts  per  pound,  and  the  eddy-current  loss  c/  watt. 
Hence  the  hysteresis-loss  in  the  armature-core  is 

5190  X  I '9  X   -       =  5450  watts, 

and  the  eddy-current  loss  is 

5100  X  0-7  X  >- — ^:!~  =  ino  watts. 

So  that  the  total  iron-loss  in  the  core  is  6560  watts.     Adding 

this  to  the  loss  in  the  teeth  we  have  as  the  total  iron-loss  of 

the  machine 

zu^  =8170  watts. 

(3)  Excitation-loss.  There  arc  612  turns  per  pair  of  poles. 
Taking  our  calculated  value  of  full-load  excitation,  we  have 

^-  "  "^612^  "  "^^ '  5  amperes. 
Hence 

^^x  =  43'5  ^  120  =  5210  watts. 

(4)  Commutator 'losses.  On  account  of  the  large  current 
being  collected  by  carbon  brushes,  and  also  on  account  of  the 
two  commutators  and  their  high  peripheral  speed,  the  com- 
mutator-losses become  of  very  great  importance  in  this 
machine.  Upon  each  commutator  are  pressed  64  brushes 
(8  per  pole),  and  the  area  of  each  brush  is  about  i  "25  square 
inches,  making  a  total  area  of  brush  contact  of  80  square 
inches,  the  current  going  in  through  40  sq.  inches,  and  coming 
out  through  the  other  40.  Assuming  the  contact  resistance 
to  be  0'02  ohms  per  square  inch  (see  p.  241)  we  have  for 
the  C^  R  loss  of  each  commutator 

2  X  2000  X  2000  X  0'02  -f-  40 
=  4000  watts. 

Therefore  of  the  two  commutators  together  =  8000  watts. 
The  peripheral  speed  of  the  commutators  is 

51  X  3*1416  X  250        ...    r    ^  •     ^ 

•^         ^     ^  ^    =3350  feet  per  mmute. 
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Assuming  the  brush  pressure  to  be  1*55  lbs.  per  square 
inch  and  that  the  friction  coefficient  is  o  •  3,  we  have  for  the 
friction  loss  of  the  two  commutators 

2  X  1*55  X  80  X  3350  X  0'3  X  746 

33- 600 
=  5650  watts. 

Hence  the  total  loss  by  brush  resistance  and  friction  is 

^'3  =  ^  3,650. 

(5)  Friction  and  ventilation  losses.  These  would  be  below 
I  per  cent  of  the  full-load  output,  that  is 

Wj.  =  4800  watts. 

The  total  full-load  loss  is  obtained  by  taking  the  sum  of 
the  separate  losses,  that  is, 

or  2u  =5  35,990- 
The  output  being  480  kilowatts,  the  full-load  efficiency  is 

480  +  36  ^^' 

17  =s  93  per  cent. 

Probable  Heating. — (d)  Armature.  From  the  drawings 
the  heat-radiating  surface  of  the  armature  is  estimated  as 
being  about  5000  square  inches.  The  total  loss  in  the  arma- 
ture at  full-load  is 


w   =  7c'  -h  zu 

a  c     ' 

=r  12330  watts. 

Hence  the  watts  wasted  per  square  inch  of  heat-radiating 
surface  are 

5000 
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A  reference  to  the  lower  curve  of  Fig.  99  tells  us  that  at 
the  peripheral  spefed  of  this  armature,  namely  4500  feet  per 
minute,  there  will  be  a  final  temperature*rise  of  19°  C.  for  each 
watt  per  square  inch.  Hence  the  temperature-rise  of  this 
armature  will  be  approximately 

6^  =  2-46  X  19  =  47°  C. 

{p)  Field  System.  Here  the  heat-radiating  surface  is 
approximately  1200  square  inches  per  bobbin.  From  the 
formula  (9)  given  on  p.  183  we  can  approximate  to  the  final 
temperature-rise  as 

e  =  5210  X  75  ^  4,c  c. 

1200  X  8       ^ 

(f)  Commutator.  Using  the  formula  given  on  p.  520,  we 
have 

Q  ^         46-5  X  "-^t 

'     S3  (i  +  0*0005  Vji ' 


e  = 


46-5  X  6825 


*■      1690(1  +  o'ooos  X  4000) ' 

e,  =  60"  c. 

sparking, — The  full-load  cross-magnetizing  ampere-turns 
per  pair  of  poles  in  this  machine  are 

^^    X  392  X  250  =  8150  =  X. 
360 

At  full-load  the  ampere-turns  for  the  gap  and  teeth  are  about 
22,000,  the  flux-density  in  the  former  being  about  68,000, 
Hence  the  flux-density  at  the  hindward  pole-horn  is  approxi- 
mately 

68,000  X  ^l>9^-^\So  ^    2  800  ; 

22.000 

which  is  a  reversing  field  of  ample  strength  (see  p.  276). 

Let  us  now  apply  the  two  criteria  relative  to  sparking 
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described  on  p.  278.     Taking  the  formulae  there  given   we 
find  the  present  data  are 

B3  =  68,000 

^2  ^=  2 

q\  =  392  X  250  ~  ig  TT  =  452 

K  =  392 

^•=  0-5 
d  =  6g 

whence  we  get 

Yi  =  68,000  X  2  -T-  452  =  300 

Ya  =  392  X  O'S  -I-  69  (I  +  2)  =  0-9. 

Now  the  conditions  for  a  good  sparkless  result  were  (see 
p.  278),  that  in  a  machine  of  this  class,  Yi  should  not  be  less 
than  38,  and  Y2  not  /ess  than  i  •  2.  The  second  condition  is 
not  indeed  fulfilled ;  but  the  first  is  so  abundantly  fulfilled 
that  we  may  on  the  whole  conclude  that  this  machine  will 
give  no  trouble  with  its  normal  full-load  of  4000  amperes. 


Example  IV, 

Compound-wound  Overtype  Dynamo  with  Smooth- 
core  Drum  Armature. 

Designed  by  Mr.  G.  Kapp. 

(Shown  in  Plates  IL,  III.  and  IV.) 

From  the  drawings  and  data  furnished  by  the  constructors 
of  this  machine  we  can  fill  in  the  following  schedule : — 


General  Specification. 

Full-load  kilowatts         .          .          .          . 

21 

„        terminal  volts 

.      105 

„        amperes 

.     200 

Revolutions  per  minute 

.     780 

Peripheral  speed,  feet  per  minute     . 

■   2380 

Nature  of  load     .          .          .          .          . 

Lighting 
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Dimensiofis. 
Armature — 

Core-disks,  external  diameter 

„  internal  diameter 

Radial  depth  of  iron 

Gross  length  of  core 

Diameter  of  finished  armature 
No.  of  face  conductors  . 
Dimensions  of  each,  bare 
Dimensions  of  each,  insulated 
Section  of  conductor     . 
Dimensions  of  connector,  bare 
Section  of  connector     . 


.    11-0625 
6-312 

•       2-375 
.     i6-o 

.     13*125 

11-625 

.    120 

2  X  (o-ii  X  o-2o8) 

(0-25  X  0-238) 

0-046 

(1-625  X  0*05) 

o-o8 


Mean   length  one  armature  turn  =  two)     ^o.-^ 
connectors  plus  two  conductors  J 


Field-magnets, 

Material 

Diameter  of  bore 

Polar  angle 

Total  height  of  limbs    . 

Breadth  parallel  to  shaft 

Thickness  of  limb 

Breadth  of  yoke 

Depth         „ 

Distance  between  centres  of  limbs 

No.  of  turns  shunt  winding 

layers  per  limb 

wires  per  layer 
Diameter  of  wire,  bare 

„         „       „     insulated 
Section      „       »    • 
Resistance  at  50°  C. 
No.  of  turns  series  winding 
„         „        per  limb 


»> 


)» 


Wrought-iron 

11-936 

135° 
30 

IS 

5-75 

17 
6 

12-25 

3058 
II 

139 
0-065 

0-08 

0-0033 

30-1 

23 

23 
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Dimensions  of  conductor,  bare         .      2  (0*48  x  o*  13) 
„  „  „  insulated      2(0*  51  xo-i6j 

Section  of  conductor     ....         0*1248 
Resistance  at  50°  C.       .  .  .  .         0*0079 

As  can  be  seen  from  the  drawings,  the  field-limbs  consist 
of  two  rectangular  slabs  of  (machined)  wrought-iron,  without 
separate  pole-pieces,  the  polar-horns  consisting  of  two  strips 
of  wrought-iron  screwed  to  the  limbs.  The  yoke  consists 
partly  of  the  bed-plate,  but  principally  of  a  slab  of  wrought- 
iron  bolted  underneath.  The  shunt  winding  on  each  limb  is 
connected  in  series,  but  the  series  coils  are  in  two  parallels, 
as  indicated  in  the  schedule  above.  Each  armature  bar  is 
formed  of  two  rectangular  copper  strips  of  the  dimensions 
given  above,  laid  together,  double  cotton-covered,  braided, 
and  varnished. 

We  will  now  proceed  to  analyse  the  design  of  this  machine 
just  as  has  been  done  for  the  others.  The  first  thing  to  do  is 
to  construct  the  no-load  characteristic.  From  the  funda- 
mental equation  for  the  induced  electromotive-force  we  have 

E  =  78^  X  120  X  N^  X  - - 
60  *        10^ 

E  =  0*0000156  X  N^. 

It  is  not  necessary  to  work  out  more  than  two  points  of 
the  curve  in  detail  for  this  example,  as  the  reader  will  be  by 
this  time  sufficiently  familiar  with  the  process  of  calculation. 
Let  us  take,  then,  two  points  above  and  below  the  full-load 
values ;  thus 

E  =  90 ;  and  E  =  115. 

Then  the  corresponding  armature  fluxes  are 

N^  =  5,760,000 ;  and  N^  =  7,  360,000. 

A  reference  to  the  table  of  leakage  coefficients  (p.  137) 

tells  us  that  for  machines  of  this  type  and  of  approximately 

the  same  size 

1/  =   1*28. 
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Hence  to  obtain  the  two  armature-fluxes  above,  we  have 

N„  =  7,390>ooo  ;  and  N,^^  =  9,430,000. 

From  the  drawings  we  obtain 

Length  of  mean  path  in  armature-core         =5*5- 

„       two  magnet-limbs  =  46. 
„       yoke  =  7. 

two  air-gaps  =  O'S/S- 


And  for  the  magnetic  areas 

Area  of  iron  in  armature-core  =  4-75  x  13*125  =  62'5. 

magnet-limbs  =  5*75  x  15  =  86"3. 

„         yoke  =r  6         x  17  =  102. 


In  accordance  with  the  rules  given  on  p.  144  we  find  the 
area  of  the  air-gap  as  given  below.  But  as  the  armature  is 
somewhat  longer  than  the  pole-face,  we  must  for  this  purpose 
consider  the  length  of  the  latter  as  being  the  same  as  the  gross 
length  of  the  armature.     Hence  we  have 

Magnetic  area  of  pole-face  =  (11 '936  X3'i4xi^Mxi6 

=  225  square  inches. 

The  area  of  the  strip  to  be  added  on  to  this  will  not  be  less 
than 

o-437|30  +  2(11-936  x  3-14  x  ^|5^| 
=  25  '4  square  inches. 

So  that  the  magnetic  area  of  the  air-gap  may  be  taken  as 
250  square  inches. 

We  can  now  fill  in  the  two  tables  below  for  E  =  90  and 
E  s=  115.  The  values  of  ampere-turns  per  inch  (8)  have 
been  taken  from  the  respective  curves  of  Plate  I.,  and  the 
air-gap  ampere-turns  calculated  from  the  formula  on  p.  143. 
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E  =  90;  Nrt  =  5,760,000;  Nm  =  7,390,000. 


Part  of  Machine. 


Material. 


Magnetic 
Length.; 


Magnetic  »      Flux- 
Section.    '    density. 


Yoke  .         .      Wroiight-iron  7 

Two  limbs  .  ,,  ,,  46 

Two  air-gaps  Air  0*875 

Armature  core !  Iron  stampings '      5*5 


Value  of  a 

(from 

Curve). 

102  72,400  16*8 

86*3  83,500  '      25-5 

250  23,000     [0-3133] 

62*5  92,000  17*6 

Total  ampere-tums  = 


E  =  115  ;  Ntf  =  7,360,000;  N/,/  =  9,430,000. 


Part  of  Machine. 


Material. 


Magnetic  1  Magnetic       Flux- 
Length.   I   Section.       density. 


Yoke  .         .      Wrought-iron  7 

Two  limbs  .            „           ,,  46 

Twoair.gaps.{^"j-mr}  0-87S 

Armature  core  Iron  stampings  |  5*5 


Value  of  a 

(from 

Curve). 


41 


102   92)5oo 
86*3   109,200  ,   15-5 

250    29,400  !  [0-3133] 

t 

I 

62 '5     117,500       22  o 
Total  ampere-turns  = 


Ampere- 
tums. 


287 
7140 

8060 

1210 

16,697 


In  just  the  same  way  we  find  a  few  other  points  on  the 
curve,  obtaining  thus 


E  = 

r:  = 

E  = 

E  = 


105,  Ampere-turns 
100 

80 

60 


>» 


»» 


j» 


>» 


»> 


» 


10950. 
9600. 
6350. 
4400. 


Plotting  the  six  points  obtained  in  this  manner,  we  obtain  the 
no-load  characteristic  of  the  machine,  as  shown  in  Fig.  406. 
The  necessary  ampere-turns  at  no-load  are  then  given  by 
Xi  =  10,950,  and  these  have  to  be  provided  by  the  shunt 
winding.  At  full-load  the  electromotive-force  induced  in  the 
armature  must  exceed  that  at  no-load  by  an  amount  sufficient 
to  cover  the  ohmic  drop  in  the  armature  winding  and  series 


I. 


2  s 
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coils.  The  resistance  of  the  whole  armature  winding  at  50°  C. 
IS  given  by 

9*2  X  total  length  of  conductor 
ID*  X  section  of  conductor 
_  9*2  X  8-32  X  60 
"~      ID*  X  0046 
=  0-0987. 

Hence,  neglecting  the  contact  resistance  of  the  brushes,  as 
being  unimportant  in  comparison  in  such  a  small  machine, 
we  have 

4 
practically  =  0'025. 

Adding  this  to  the  (hot)  resistance  of  the  series  coils  as  given 
above,  and  multiplying  by  the  full-load  current,  we  have  the 
lost  volts  at  full-load  as 

e  =  200  X  (0*033)  =  6*6  volts. 

Thus  at  full-load  the  total  induced  electromotive-force  must 
be 

E  =  105  -|-6*6  =  II I •6. 

Projecting  this  value  on  the  scale  of  ordinates  across  to 
the  curve,  we  obtain  Xa  as  the  corresponding  value  of  ampere- 
turns  necessary  to  produce  it,  if  the  brushes  were  always  on 
the  neutral  diameter.  This  will  not  be  the  case,  the  brushes 
being  under  the  pole-tips  at  full-load.  The  angle  subtended 
by  the  pole-tips  is  (180  —  135)  =  45^  Hence  the  conductors 
lying  in  this  angle  are 

120  X  ^}   —  15. 
360 

Therefore,  as  each  carries  100  amperes  (neglecting  the 
small  amount  of  current  wanted  for  the  shunt),  we  have  as  the 
demagnetizing  ampere-turns  of  the  armature 

15  X  100  =  1500. 

2  s  2 
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These  have  to  be  compensated  for  on  the  field  system,  whose 
leakage  coefficient  is  i  *  28.     Hence  we  obtain 

1500  X  1*28  =  1920 

compensating  ampere-turns.  Adding  this  number  to  X^.  we 
obtain  Xs  as  the  necessary  ampere-turns  at  full-load.  From 
Fig.  406  we  have 

X3  =  15.350 

as  the  ainpere-tums  that  have  to  be  provided  by  the  combined 
shunt  and  series  winding.  From  the  data  given  in  the 
schedule  we  are  enabled  to  compare  our  calculated  values 
with  those  actually  on  the  machine.  The  comparison  is  made 
in  tabular  form  below. 


Winding. 


Calculated  Values.        Observed  Valuer. 


Shunt  ampere-tums 
Series      „ 
Total 


>i 


»f 


>i 


10,950 
4,400 

15,350 


10,670 

4,600 

15,270 


With  this  compound  winding  the  machine  regulates  very 
exactly. 

We  will  now  proceed  to  calculate  the  efficiency  and  heat- 
ing of  the  machine.  As  it  is  for  lighting  purposes,  the  maxi- 
mum efficiency  would  probably  be  arranged  to  occur  at  about 
three-quarter  load,  so  we  will  make  the  efficiency  calculate  for 
this.     The  losses  are  as  follows : — 

(i)  Copper-less,  The  total  resistance  of  the  armature  and 
series-winding  is,  as  we  have  seen,  0*033  ohms  hot.  The 
copper-loss  at  three-quarter  load  is  hence 

150  X  150  X  0-033  =  745  watts. 

(2)  The  excitation-loss  in  the  shunt  coils  is  given  b\- 

105  X  105       ^^^ 

— t f  =  706  watt?. 

30- 1 
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(3)  Iron-loss,  To  calculate  this  we  must  first  estimate 
the  weight  of  iron.     This  is 

|J<U    0625^+  6:312   ^   3.14,6)  X   31-25}  X  0-28 

=  240  lbs.  (with  sufficient  accuracy). 
Also  the  frequency  of  reversal  is 

'^  -  =  13  periods  per  second ; 

and  it  is  worked  at  three-quarter  load  at  a  flux-density  of 
about  1 13,000  lines  to  the  square  inch. 

Now  from  the  curves  in  Fig.  54  we  see  that  at  a  frequency 
of  30  *-  the  hysteresis-loss  per  pound  of  iron  when  worked  at 
80,000  lines  per  square  inch  is  about  2  •  i  watts,  and  the  eddy- 
current  loss  under  the  same  conditions  is  0*8  watt.  Hence 
the  hysteresis-loss  in  this  machine  will  be  about 

240/ 2- 1  x'3x<l^-3,ocx)ri 
X  30       (8o,ooo)''*  i 

=  240  X  I  •  58  =  380  watts. 

And  the  eddv-current  loss  will  be 

24o{o-8xJ-^i;x0^3,ooon 

\  (30)  (80,0G0)'  i 

=  240  X  0-3  =  72  watts. 

Hence  the  total  iron-loss  in  the  armature 

=  3^0  +  72  =  452  watts. 

(4)  Tfie  friction,  ventilation,  and  commutator  losses  will  be 
about  2  per  cent,  of  the  full-load  output,  that  is 

21,000  X  2       ^^^       .. 
=  420  watts. 

100 

Adding  up  the  separate  losses,  we  find  the  total  losses  of 
the  machine  running  at  three-quarter  load  to  be  about  1980 
watts.     Consequently  the  efficiency  at  this  output  is 

li^SO  -  89  per  cent. 
17,730 
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This  figure  is  probably  somewhat  too  low,  in  which  case  the 
difference  would  most  likely  be  due  to  an  over-estimation  of 
the  iron-losses. 

We  will  now  estimate  the  probable  temperature-rise  at  full- 
load. 

(^)  Armature.     The  iron-loss  will  be  about  the  same  as 
that  calculated  above,  namely,  452  watts,  and  the  copper-loss 
is  200  X  200  X  0*025  or  1000  watts,  making  a  total  arma- 
•  ture-loss  of  about 

7t'^  =  1450  watts. 

From  the  drawings  we  find  the  radiating  surface  to  be 
about  890  square  inches.  Thus  the  watts  per  square  inch 
radiating  surface  are 

'45^=1-63. 
890  ^ 

Referring  to  the  lower  curve  of  Fig.  99,  p.  187,  we  see  that 
at  a  peripheral  speed  of  2380  feet  per  minute  there  will  be  a 
probable  temperature-rise  of  27°  C.  We  take  the  lower  curve 
because  the  armature  of  this  machine  is  very  well  provided 
with  ventilating  ducts  (see  Plate  III.).  The  temperature  rise 
is  therefore  likely  to  be 

^^  =  27  X  1-63  =44°C. 

With  regard  to  the  field-coils,  we  know  that  the  energy 
wasted  in  them  at  full-load  is 

369  -h  (200  X  200  X  '0079)  =  682  watts. 

From  the  drawings  the  heat-radiating  surface  is  estimated 
as  about  1400  square  inches.  The  probable  temperature-rise 
is  therefore 

6    =  ^^^    X  75  =  36-5°  C. 
1400      ^^       ^     ^ 

As  this  machine  carries  its  full-load  quite  sparklessly  when 
the  brushes  have  the  correct  lead,  it  will  be  of  interest  to  see 
now  how  nearly  the  design  complies  with  the  conditions  for 
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sparkless  operation  as  given  by  our  empirical  formulae.     The 
number  of  cross  ampere-turns  at  full-load  are 

X  s=  '35  ^  120  X  100  =  4500. 
'       360 

The  ampere-turns  for  the  air-gap  at  full-load  are  7850,  the 
flux-density  being  28,600  lines  per  square  inch.  Hence  the 
flux-density  at  the  hindward  pole-horn  is  approximately 

28.600  X  7850-4500  ^  J 

7850 

a  value  somewhat  lower  than  that  given  as  being  the  mini- 
mum for  sparkless  collection. 

Tested  by  the  two  empirical  criteria  of  sparking  given  on 
p.  278,  we  have  these  data  : — 

B3  =  28,600  lines  per  square  inch. 

d  ^  1 1  '62  diameter  of  armature, 

K  =  60  total  segments  of  commutator. 

k^  =  2,  number  of  segments  of  commutator  short-cir- 
cuited at  once. 

g  =  0*436  from  iron  to  iron. 

^1  =  120  X  100  -^  1 1  '62  TT  =  328  ampere-conductors  per 
inch  at  full-load. 

whence  we  get 

Yi  =  28,600  X  2  -r-  328  =  174. 

Y3  =  60  X  0-436-7-  II  '62  (I  -h  2)  =  0-75. 

Now  for  this  class  of  machine  (see  p.  278)  the  conditions 
of  non-sparking  are  that  Yi  should  not  be  less  than  23,  and 
Y2  not  less  than  0'6.  Judging  then  from  the  design  this 
machine  ought  to  run  sparklessly :  as  in  fact  it  does. 

The  stiffness  ratio  (p.  277)  comes  out  at  87,  and  the  coin- 
mutation  ratio  at  49,  which  is  very  satisfactory. 
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Example  V, 

Compound  Miltipolar  Traction  Generator, 

MP  16 — 1000 — 90 — 500  volts — 2000  amperes. 

Designed  by  H.  M.  Hobart,  constructed  by  the  Union 
Elektricitats  Gesellschaft  of  Berlin,  for  the  Sheffield  Corpora- 
tion. 

This  is  an  example  of  a  slow-speed  direct-driven  generator. 
The  construction  is  described  in  the  Elektrotechnisclie  Zeit- 
schrifty  xxiii.  p,  44,  Jan.  16,  1902.  The  design  is  amongst  the 
machines  described  by  Hobart  in  Jourtt,  Instit,  Electrical 
Engineers^  xxxi.  p.  170,  and  is  further  discussed  by  him  in 
the  Elektrotechnisclie  Zeitsclirifty  xxii.  p.  660.  Aug.  15,  1901. 
In  order  to  make  this  example  as  useful  as  possible  it  is  here 
treated  as  though  it  had  to  be  designed  from  the  beginning  ; 
and  the  dimensions  and  calculations  are  in  this  instance  given 
according  to  the  metric  system. 

Prescribed  Design. — To  design  a  traction  generator  to  give, 
at  90  revolutions  per  minute,  2000  amperes  at  500  volts,  the 
full-load  efficiency  being  94  per  cent.  Permissible  tempera- 
ture-rise 50*^  C.  above  surroundings  at  normal  load  in  continu- 
ous use.  To  be  able  to  stand  a  25  per  cent,  overload  for  30 
minutes,  and  a  momentary  overload  of  50  per  cent,  without 
harmful  sparking  or  heating.  The  position  of  brushes  to 
remain  unchanged  under  all  conditions. 

I.  Determination  of  Trial  Values  for  Armature  Dimen- 
sions.— This  being  a  1000  kilowatt  machine,  we  may  consider 
as  a  suitable  peripheral  speed  (p.  536)  16  to  19  metres  per 
second.  To  apply  Esson's  formula,  [III.]  p.  542,  we  assign  the 
following  values  :  B^  =  8600;  ^1=  260  amps,  per  cm. ;  -^  = 
0*72.     From  these  by  equation  [IV^]  p.  543,  we  get : — 

«^    =    o^  ^  =    380,000. 

8600  X  260  X  0-72 
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Inserting  this  value  in  equation  [IV^:]  we  obtain: — 

d^  I  =  380,000  X   '^^  =  4,210,000. 

90 

Constructing  a  table  of  a  few  trial  values  of  d  and  /  to  fit 
this  product,  and  adding  the  corresponding  peripheral  speeds, 
we  have  : — 


d 

/ 

if' I 

metres  per  second 

250 

67-4 

42 

1,000 

II-8 

300 

47 

>> 

14-1 

350 

34'4 

j> 

i6-S 

400 

26-3 

») 

i8-88 

450 

20 '7 

» 

21*24 

We  select,  as  not  giving  too  high  a  surface  speed,  the 
third  value,  where  d  =  350  cm.  and  /  =  34*4,  or,  say  35  cm., 
making  the  ratio  of  /  to  d  exactly  I  to  10. 

2.  Number  of  poles, — As  the  full-load  current  is  2000 
amperes  we  cannot  well  have  fewer  than  16  poles  ;  for,  assum- 
ing a  lap-winding  with  16  circuits  we  shall  have  250  amperes 
to  collect  at  each  brush-set.  For  an  economical  design  16 
poles  should  suffice. 

3.  Pole-face, — The  periphery  will  be  350  X  7r  =  iioo,  and 
the  pole-pitch  therefore  about  68  cm.  The  equivalent  pole 
arc  is  72  per  cent,  of  this  or  49  cm.  ;  so  that  the  pole-face  will 
be  about  49  X  35=  1715  square  cm. 

4.  Flux  front  one  pole. — At  the  assumed  density  of  8600 
the  provisional  value  of  the  flux  will  be  171 5  X  8600  = 
I4»749»ooo  lines. 

5.  Armature  Conductors, — At  90  revs,  per  minute,  «  =  90 
4-  60  =  1*5  revs,  per  second.  Therefore,  if  E  be  500  volts 
we  find  by  the  usual  formula : — 

Z  =  E  X  10^  -r  ;/  N 
Z  =  (500  X  10')  4-  (1-5  X  14,749,000) 
=  2258. 

But  for  lap-windings,  especially  if  equalizing  rings  are  to 
be  added,  it  is  preferable  that  Z  should  be  an  even  multiple  of 
the  number  of  poles.  Now  2258  is  not  divisible  by  16,  and 
therefore  must  be  adjusted.     As  we  have  taken  E  at  500  volts. 
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allowing  nothing  for  any  internal  drop,  it  will  be  safer  to 
increase  Z  than  to  diminish  it  We  will  therefore  take  Z  as 
144  X  16  =  2304.     This  will  reduce  N  to  about  14,500,000. 

6.  Check  results  so  far. — As  there  are  8  pairs  of  poles,  and 
«  =  I  •  5,  the  frequency  of  the  cycles  of  magnetization  will  be 
12,  which  is  not  too  high.  Further,  as  there  are  16  paths,  each 
circuit  of  the  armature  will  carr>''  125  amperes  ;  and  the 
number  of  ampere-conductors  per  centimetre  will  therefore  be 
125  X  2304 -T-  iioo  =  262,  which  is  not  too  much  above  the 
assumed  value  to  be  unsafe. 

7.  Commutator  Segments, — Taking  one  loop  per  segment 
of  the  commutator  will  make  K  =  2304-^  2  =  1 152.  This 
gives  72  loops  per  pole ;  with  an  average  voltage  per  loop  of 
500  -T-  72  =  6-95.     Testing  by  Arnold's  rule  (p.  483)  :— 

K  must  not  be  less  than  0*037  ^  2304  x  V125  =  956. 

Thus  the  number  11 52  is  satisfactory.     . 

8.  Size  of  Commutator — The  peripheral  speed  should  be 
about  13  metres  per  second  ;  and  the  breadth  of  a  segment 
should  not  be  less  if  possible  than  7  mm.  Now  the  former 
datum  at  ij^  revolutions  per  second  would  give  a  periphery  of 
13  X  100 -f-  i'5  =  8666  mm.  ;  and  the  latter  gives  1 152  X  7 
558064  mm.  We  will  take  8500,  making  the  diameter 
2700  mm.,  the  peripheral  speed  12*7  metres  per  second,  and  the 
gross  width  of  segment  7  •  4  mm.  Allowing  o  •  76  mm.  for  mica 
insulation,  makes  the  nett  width  6*64  mm.  To  collect  250 
amperes  at  5  amperes  per  square  cm.,  will  demand  50  square 
cm.  of  brush  contact  surface.  The  brush  cannot  well  be  more 
than  2  cm.  broad,  nearly  covering  3  segments  ;  but  its  effec- 
tive width  is  less  by  the  amount  of  two  thicknesses  of  mica. 
Taking  the  effective  width  as  1*85  cm.,  there  will  therefore 
be  required  a  nett  length  of  50  -f-  i  '85  =27  cm.,  and  allowing 
7  cm.  for  space  between  brushes  and  4  cm.  for  a  margin  at 
the  ends  will  make  the  commutator  38  cm.  long.  The  peri- 
pheral cooling  surface  of  the  commutator  will  therefore  be 
270  X  38  X  7r  =  32,700  square  cm. 

9.  Gross  Length  and  Cooling  Surface  of  Armature, — The 
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style  is  a  barrel-winding.  Estimating  the  length  to  which 
the  oblique  parts  stand  out  at  the  ends  as  0325  of  the  pole- 
pitch  we  have  for  the  length  over  all : — 

35+2  (68-8  X  0*325)  =  80  cm. 

As  the  periphery  is  iioo  cm.  we  have  88,000  sq,  cm.  or 
880  sq.  decim.  of  cylindrical  surface. 

10.  Assignment  of  Losses, — We  assume  the  copper-loss  in 
the  armature  to  be  2  *  5  per  cent,  of  the  full-load  output,  and 
the  iron-loss  about  i  '75  per  cent,  in  total  4*25  per  cent,  that 
is  42,500  watts  in  the  armature.  The  commutator-losses  we 
put  at  o*75  per  cent.,  or  7500  watts  ;  the  excitation-losses  at 
I  '25  per  cent,  or  12,500  watts. 

1 1.  Probable  Heating  of  Armature. — According  to  Hobart,^ 
with  large  armatures  of  such  proportions,  and  well  ventilated, 
there  will  be  a  temperature-rise  of  from  0*7  to  I  'O  deg.  Centig. 
for  every  watt  lost  per  square  decimetre  of  total  cylindrical 
armature  surface.  As  this  armature  is  to  be  exceptionally  well 
ventilated  the  lower  figure  may  be  taken.  The  number  of  watts 
per  square  decimetre  is  42,500  -4-  880  =  48  •  3  ;  hence  the  prob- 
able temperature  rise  will  be  48*3  X  0*7  =  33*8  deg.  Centig. 

12.  Armature  Conductors, — Assuming  a  current-density 
not  exceeding  3  amp.  per  sq.  mm.,  the  appropriate  conductor 
to  carry  125  amp,  will  be  one  with  at  least  42  sq.  mm. 
section.  But  in  view  of  over-load  requirements  it  is  well  to 
take  the  section  a  trifle  larger.  If  we  take  2  •  9  amp.  per  sq. 
mm.  the  section  may  be  enlarged  to  43  •  2  sq.  mm.  In  order 
on  the  one  hand  to  secure  space  for  insulation,  and  on  the 
other  to  get  high  saturation  in  the  teeth,  we  will  assume  that 
6  conductors  are  placed  in  I  slot.  This  makes  the  total 
section  of  copper  in  i  slot  as  43*2  X  6  =  259  sq.  mm.  The 
mean  length  of  one  turn  will  be  about  275  cm.  :  hence  the 
total  length  of  copper  conductor  316,800  cm.  The  total 
volume  of  armature  copper  will  be  136,752  cub.  cm.,  and  its 
total  weight  about  990  kg. 

13.  Armature  Slots, — The  total  section  of  copper  in  one 
slot  being   259   sq.   mm.,  and  experience   showing   that    in 

'  Elektrot,  Zeiischr.^  xxii.  p.  652,  Aug.  1$,  1901. 
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machines  of  this  type  a  space-factor  of  0*5 15  can^  be  attained, 
the  slot  area  will  be  259 -7- 0*515  =  503  square  mm.  The 
number  of  slots  will  be  2304  -7-  6  =  384  ;  and  as  the  periphery 
is  11,000  mm.,  the  slot-pitch  at  the  armature-face  will  be 
1 1,000 -T- 384  =  28*6  mm.  The  flux-density  in  the  gap  is 
8600 ;  but  it  ought  to  be  at  least  25,000  (apparent)  in  the  teeth. 
Now,  owing  to  the  air-ducts  and  insulation  between  the  core- 
disks,  the  effective  length  of  iron  will  be  only  about  24  cm.  as 
compared  with  the  gross  length  of  35  cm.  This  of  itself  would 
increase  the  density  to  12,500  ;  but  if  the  apparent  density  is 
to  reach  25,000,  it  is  clear  that  the  section  must  be  at  least 
halved.  In  other  words,  the  slots  must  be  at  least  as  broad 
as  the  teeth — preferably  a  little  broader.  Take  then  as 
breadth  of  slot  14*8  mm.,  leaving  13*8  as  the  breadth  of  tooth 
at  the  face.  Then  the  depth  of  slot  will  be  503  -4-  14*8  = 
34  mm.,  which  is  a  reasonable  depth  ;  though  when  the  6  con- 
ductors are  arranged  with  their  insulation  it  may  be  needful 
to  revise  the  precise  dimensions. 

14.  Arrangement  of  Conductors  in  the  Slot — For  barrel - 
winding  the  6  conductors  must  be  arranged  two  deep,  there- 
fore three  side  by  side.  A  suitable  insulation  thickness  for 
machines  of  this  class  is  :  1*3  mm.  between  the  iron  teeth 
and  the  conductors,  and  0*4  mm.  as  a  thin  taping  round  each 
conductor  in  the  slot.  (Projecting  end  parts  require  a  second 
protective  taping.)  This  makes  the  thickness  x  of  the  copper 
conductors  such  that  ^x  -h  (6  x  0*4)  -f  (2  x  i'3)  =  14*8. 
Then  ;r  =  3*26  mm.  ;  but  as  the  fit  must  not  be  too  tight, 
otherwise  the  insulation  may  be  damaged  in  forcing  the  con- 
ductors into  the  slot,  let  us  say  3  •  2  mm.  As  the  section  of 
copper  of  each  conductor  has  to  be  43*2  square  mm.,  the 
depth  of  the  copper  conductor  must  be  43  •  2  -r-  3  *  2  = 
13*5  mm.  The  taped  conductors,  2  deep,  will  measure 
(2  X  13*5)  +  (4  X  0-4)  =  28-6  mm.  To  this  add  for  slot- 
lining  and  an  inserted  strip  between  the  upper  and  lower  set 
3*9  mm.,  and   1*5  more  for  packing.     This  makes  the  slot 

*  Note  :  an  unusually  high  space- factor  for  500- volt  machines,  and  one  im- 
possible of  attainment  except  by  grouping  several  conductors  in  a  slot,  and  by 
using  fine  insulation. 
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depth  34  mm.  By  this  arrangement  the  dimensions  pro- 
visionally adopted  above  are  found  adequate,  though  there 
would  have  been  some  advantage  in  allowing  a  deeper  slot 
for  more  packing. 

14.  Internal  Diameter  of  Core, — The  pole-arc  being  49  cm., 
a  trial  value  for  the  core  is  half  this  (viz.  24*5  cm.),  seeing 
that  it  must  carry  half  the  flux.  But  as  the  nett  length  of 
iron  in  the  core  is  only  o  •  68  of  the  gross  length  (owing  to  ducts 
and  insulation),  this  would  force  up  the  flux-density  to 
8600  -r  0'68  =  12,600,  which  is  too  high  for  core-disks.  The 
density  ought  not  to  exceed  10,000.  We  will  therefore  take 
the  core-depth  as  24*  5  x  12,600  -f-  10,000  =  3 1  •  i.  Doubling 
this  and  adding  twice  the  length  of  the  tooth,  and  deducting 
from  350  gives  281  for  the  internal  diameter. 

15.  Flux-Density  in  Teeth, — At  this  stage  we  ought  to  test 
the  density  in  the  teeth.  They  are  13*8  mm.  wide  at  the 
face.  They  will  be,  it  is  true,  slightly  narrower  at  the  root. 
But  on  an  armature  so  large  as  this  any  error  introduced  into 
the  calculation  by  assuming  them  to  be  of  parallel  form  may 
be  set  against  the  opposite  and  greater  error  involved  in  the 
assumption  that  the  flux-density  in  the  slots  is  negligibly 
small.  Now  the  flux  entering  the  armature  per  pole  is 
14,750,000  lines,  and  the  number  of  teeth  under,  one  pole, 
allowing  one  tooth  at  each  side  for  fringing,  is  19.  Taking 
the  nett  iron  length  at  23 -6  cm.,  the  nett  sectional  area  of  iron 
in  the  teeth  under  i  pole  will  be  19  x  i '38  x  23*6  = 
595  square  cm. ;  and  the  apparent  density  in  the  teeth  will  be 
14,750,000-7-  595  =  24,800.  This  density,  though  certainly 
high,  is  not  too  high  for  such  a  well  ventilated  core ;  and  it 
may  be  remembered  that  the  magnetic  frequency  of  reversal 
is  only  12  cycles  per  second. 

16.  Air-gap, — As  the  slots  are  14*8  mm.  wide,  the  least 
possible  length  of  air-gap  is  two-thirds  of  this,  or  9*89  mm. 
Of  other  rules  the  simplest  is  to  make  the  length  (in  cm.)  = 
0-88  X  rf/-r-  K  ;  i.e.  0-88  X  350  X  35  -^  1152  =  0-93,  or 
9*3  mm.  Or  by  equation  [Xr],  p.  551,  9*86.  We  will  take 
10  mm.  as  the  nearest  integer.     It  is  ^y-  of  the  pole-span. 

17.  Length  of  Pole-Core, — As   a  trial  value  40  times  the 
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length  of  the  air-gap  is  usual  for  compound  machines.  As 
the  densities  are  all  very  high  in  this  machine  it  will  be  safer 
to  allow  more,  say  48  cm. 

18.  Section  of  Pole-Core. — The  no-load  useful  flux  per 
pole  being  14,750,000,  and  the  full-load  useful  flux  being 
14,900,000,  with  a  dispersion  co-efficient  of  1*125,  we  have 
for  the  full-load  flux  in  the  pole  16,800,000.  To  carry 
this,  if  the  permissible  density  in  the  pole-core  of  mild  steel 
be  about  15,000  lines  per  square  cm.,  there  will  be  required  a 
sectional  area  of  about  1130  square  cm.  A  circular  core 
38  cm.  in  diameter  will  meet  the  requirement. 

19.  Size  of  Yoke. — Allowing  3  cm.  for  the  thickness  of  the 
pole-shoe,  the  inner  diameter  of  the  yoke  becomes  350  +  2  + 
6  +  100  =  458  cm.  If  the  breadth  is  chosen  at  70  cm.  so  as 
to  protect  the  flanges  of  the  coils,  the  depth  radially  must  be 
determined  from  the  necessary  section.  It  must  carry  about 
8,4O0,cxx»  lines,  and  if  of  cast-iron,  the  appropriate  density  is 
4000.  Hence  its  section  should  be  2100  square  cm.  It  must 
therefore  have  an  average  depth  of  30  cm.  A  suitable  form 
of  section  is  one  with  two  stiffening  ribs  ;  and  taking  the  usual 
design,  these  will  contain  nearly  half  the  metal,  and  will  stand 
about  24  cm.  higher  than  the  outer  periphery  of  the  yoke,  and 
about  36  cm.  from  the  inner  periphery.  This  will  make  the 
over-all  diameter  458  +  76  =  534  cm. 

20.  At  this  stage  it  will  be  expedient  to  make  the  first 
drawling  in  order  to  proceed  with  the  real  computation  of  the 
machine.  From  the  drawings  the  excitation  must  be  cal- 
culated, as  for  the  preceding  machines,  at  several  different 
voltages,  and  the  saturation  curve  or  no-load  characteristic 
drawn.  The  various  losses  must  be  ascertained,  the  corre- 
sponding temperature  rises  estimated,  and  the  efficiency 
calculated  for  various  loads.  If  need  be,  the  dimensions  of 
the  machine  should  be  modified,  and  the  calculations  gone 
over  again. 

As  a  matter  of  fact,  though  the  machine  as  designed  had 
the  dimensions  here  assigned,  there  were  some  small  alterations 
made  in  the  construction  in  the  works,  and  of  these  the  most 
important  was  the  increase  of  the  air-gap  from   10  mm.  to 
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13   mm.     Mr.    Hobart   gave   the   following   data   as   to  the 
design  : — 

Ampere-turns  per  magnet-pole,  no-load,  at  fuIMoad  voltage  11 ,000 

full-load  „  .,  14,000 

to  balance  armature-reaction    .       3,000 


»» 


Losses  attd  efficiency y  at  60°  C.  :- 
Armature  iron  loss 
Armature  copper  loss 
Commutator  brush  contact  loss 
Commutator  friction  loss 
Commutator  miscellaneous  losses 
Loss  in  shunt  winding    . 
Loss  in  series  winding    . 
I^S8  in  shunt  regulating  rheostat 
Loss  in  series  bye-pass  coil 

Total  of  the  constant  losses 

Total  of  the  variable  losses,  at  full-load 

Total  of  all  losses,  at  full-load 


Watts. 

18,000 

24,000 

4,400 

2,800 

200 

8,250 

2,250 

1,250 

750 

31,600 


Percentage  Percentage 
ofFnIl-load         of 


Lots. 
2*90 

3*88 
0*72 

0-4S 

0-03 

I '33 
0-37 

0'20 
0'12 


Output. 

1-8 

24 
044 

028 

0'02 
0-825 
0*225 
0125 

o'075 


62,100         100 


6*21 


*) 


», 


»> 


Commercial  efficiency  at  full-load  (per  cent. ) 

at }  load 
at  \  load 
at  \  load 
Watts  lost  per  square  decimetre  armature  peripheral  surface 
,,  „  „        commutator    „  „ 

»»  M  »,        magnet  ,,  „ 

Weights  (in  kilogrammes)  :  armature  laminations  5300 ; 
copper  900;  commutator  segment!  1700;  ma^^net  copper  1570;  pole- 
shoes  1000 ;  pole-cores  7000 ;  yoke,  total  including  feet,  27,000. 
Total  weight  without  the  shaft  62,000.  Total  cost  of  elective  material, 
19,500  marks. 


i» 


»» 


94-1 
940 
92  9 
88-5 
48 

25 
9 

armature 


The  Figs.  407  to  414  depict  the  drawings  of  this  machine 
as  described  by  Dr.  Niethammer.  The  cast-steel  poles  are 
secured  to  the  yoke  by  two  screws  each.  The  yoke  stands  on 
two  feet  each  provided  with  two  adjusting  screws  which  press 
on  a  foot-plate.  At  its  lowest  point  the  yoke  is  also  supported 
on  an  adjustable  block.  The  magnet  bobbins  are  of  sheet 
iron  with  flanges  of  malleable  iron.  The  shunt-winding  con- 
sists of  640  turns  per  pole,  of  a  round  wire  4*  5  mm.  in  diameter. 
The  series-winding  is  of  2  J  turns  per  pole  of  flat  copper  strip, 
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Fig.  409,— LoNt;iT(.'DiNAL 
Section  ok  Hobart 
Gkncrator. 
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I. 


Fig.  410.— General  View  of  Hobart's  Generator^ 

MP  16 — 1000—90. 

2   T 
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FiQ.  411.— Lower  Half  of  Yoke,  Pole-Core,  and  Pole-Shoes. 


Fig.  413.— End  Clamping  Platks  kor  Armature. 


Fig.  413.— Commutator  Section  and  Details. 
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r  mm.  thick  and  80  mm.  wide.  The  core-stampings  are  in 
segments  (Fig.  407),  embracing  ^circumference,  with  32  slots 
in  each.  Bolts  pass  through  the  two  lugs  in  each  segment  to 
fix  them  to  the  spider.     A  coating  of  asphaltum  varnish  serves 


as  insulation.  The  ventilating  pieces,  Fig.  407,  13  mm.  thick 
of  cast-iron,  are  interposed  at  every  60  mm.  or  so.  The  end 
clamping  rings,  Fig.  412,  are  constructed  with  projecting  rims 
to  support  the  winding,  and  are  cut  away  to  form  ventilating 
spaces.     Binding  wires  are  applied  only  over  the  projecting 

2   T   2 
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ends  of  the  winding.  At  the  back  of  the  armature  are  equaliz- 
ing rings,  eight  in  number.  The  commutator,  the  arrange- 
ments of  which  are  shown  in  Fig.  413,  is  bolted  to  the  spider- 
arms.  The  tightening  is  effected  by  conical  steel  rings,  in 
segments,  which  are  screwed  up  inside  the  steel  clamping 
rings  at  the  ends  of  the  commutator.  Two  projecting  rings 
of  ambroin  provide  a  secondary  insulation  at  the  limits  of  the 
commutator  face.  There  are  16  rows  of  brushes,  8  brushes  in 
each  row,  having  each  a  contact-face  19  x  32  mm.  Fig.  414 
shows  a  completed  view  of  the  machine. 


Example   VI. 

A  Small  Generator. 

(Adapted  from  a  machine  of  Kolben  &  Co.) 

The  last  example  shall  be  an  application  to  the  design  of 
a  small  machine,  that  it  may  be  seen  how  readily  the  main 
features  may  be  ascertained. 

To  design  a  ykw.  Dynamo,  running  at  iioo  R.PM.,  at 
120  volts,  overcompounded  to  give  its  full4oad  current  of 
25  amperes  at  123  volts  at  terminals. 

In  small  machines  there  may  be  trouble  if  the  ampere- 
density  per  inch  of  periphery  is  as  high  as  is  permissible  in 
large  machines.  From  1 50  to  200  is  usual ;  so  provisionally 
we  will  take  ^1  =  175  amperes  per  inch.  The  ratio  of  pole- 
arc  to  pole-pitch  will  be  taken  as  o  •  7-  The  pole-face  density 
may  be  taken  at  32,000  lines  per  square  inch.  By  formula 
[III],  p.  542,  we  then  have 

rfV  =  6o-8  X  10*^  X  3  X  1 ; 

HOC  X  32,000  X  175  X  0-7 

=  425. 
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Assuming  the  pole-face  to  be  square  we  shall  have 

And  if/  be  taken  at4,/=rfxo'S5,  whence 

d^  =  770 ; 

rf  s=  9*  15  or  say  gj^  inches  ; 
/  =  5*0  inches. 

Then  the  armature  circumference  will  be  28*7,  and  the  pole- 
pitch  at  armature  face  7*2.  The  pole-arc  will  be  70 -per  cent 
of  this,  or  5  inches.  The  area  of  pole-face  will  be  about 
25  square  inches,  and  the  flux  (provisionally)  about  25  x 
32,000  =  800,000. 

This  machine  will  be  designed  with  certain  features  in 
common  with  those  of  modern  tramway  motors :  that  is  to 
say,  though  it  is  a  4-pole  machine,  there  will  be  only  two  sets 
of  brushes ;  the  armature  coils  shall  be  former-wound,  and 
drop  into  the  slots ;  the  winding  will  therefore  be  a  series- 
parallel  one  with  only  2  paths ;  and  for  simplicity  also  of 
construction,  though  there  are  4  poles,  only  two  of  these  will 
be  wound.  Such  an  armature  design  necessitates  an  odd 
number  of  teeth  and  of  commutator  segments  (see  p.  466). 
We  have  obtained  as  a  rough  trial  value  for  the  full-load  flux 
N^  s=  800,000.  As  the  terminal  voltage  at  this  load  is  123, 
and  as  some  5  or  6  per  cent,  must  be  allowed  for  voltage- 
drop,  we  will  make  our  calculations  for  130  volts.  Then 
since 

E  =  ^  X  «  X  Z  X  N  4-  lO*, 
c 

130  X  10^  =  ^  X  ?|^  X  Z  X  800,000 ; 

2        00 

130  X   10®  X  60  X  2  _  y  _ 


4  X   1 100  X  800,000 


s=  Z  =  443  provisionally. 


Now,  as  the  conductors  will  have  to  be  wound  on  formers 
in  coils  so  as  to  have  2,  3,  4  or  6  turns  in  each  coil,  and  as 
the  number  of  wires  in  one  slot  must  be  either  4,  6,  8  or  12, 
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we  must  select  some  suitable  number,  of  slots,  and  of  wires 
per  slot,  the  product  giving  a  final  number  for  Z,  preferably- 
less  than  443.  Four  wires  per  slot  will  involve  too  many- 
teeth,  and  twelve  per  slot  will  give  too  few.  For,  as  the  peri- 
phery of  the  armature  is  28*7  inches,  80  or  90  slots  would 
be  too  many,  while  30  is  unduly  few.  We  might  take  51  slots 
with  eight  wires  per  slot  (making  Z  =  408)  or  69  slots  with 
six  wires  per  slot  (making  Z  =  414).  To  guide  our  choice, 
consider  the  size  of  the  wire  required  ;  and  then  see  how  such 
wires  could  be  grouped  six  or  eight  together  in  a  slot.  There 
are  two  circuits  through  the  armature,  therefore  each  wire 
must  carry  12-5  amperes.  Allowing,  say,  600  circular  mils 
per  ampere,  a  suitable  cross-section  would  be  7500  circular 
mils.  The  nearest  standard  wire  is,  as  the  wire-gauge  tables 
show,  a  No.  13  S.W.G.  with  diameter  0*092  inch,  or  a  No.  12 
B.  and  S.  with  a  diameter  of  0'08i  inch.  The  diameters 
coVered  will  be  respectively  0*104  and  0*093.  Taking  the 
former  wire  we  see  that  if  six  of  them  are  put  above  one 
another  in  a  slot  lined  with  micanite  to  a  thickness  of  35  mils, 
the  slot  must  be  •  174  inch  wide,  and  (allowing  o*2  inch  extra 
for  insulation  between  upper  and  lower  coil,  and  for  insulation 
at  the  top)  at  least  0*824  inch  deep.  If  we  try  to  put  eight 
in  a  slot,  they  must  be  put  in  two  fours,  and  the  width  with 
insulation  must  be  at  least  0*278  and  the  depth  at  least 
0*756  inch.  Assuming  that  the  slot  is  about  0*4  of  the 
tooth-pitch,  we  shall  see  that  the  former  arrangement  implies 
a  tooth-pitch  of  0*435  inch,  and  the  latter  implies  one  of 
0*695  inch.  As  the  periphery  is  28*7  inches,  the  former 
gives  room  for  6j  slots  (i.e.  6  x  67  =  402  wires) ;  the  latter 
for  41  slots  (i.e.  8x41  =  328  wires).  The  latter  will  not  do, 
the  former  will ;  and  the  67  slots  might  be  increased  to  69 
without  too  much  decreasing  the  width  of  the  teeth  ;  for 
6  X  67  =  402  only,  which  is  rather  low ;  and  6  X  69  =  414 
is  better.  In  fact,  with  69  slots  the  tooth-pitch  will  be  28*7  -f- 
69  =  0*416  inch,  and  the  ratio  of  slot-width  to  tooth-pitch 
is  0'4i8,  which  is  not  too  high.  So  we  will  take  69  slots 
with  six  conductors  in  each  arranged  as  in  Fig.  415,  or  in 
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total  414  conductors.  Having  settled  Z  ss  414  thus  definitely 
we  must  now  recalculate  N, 

4  X  iioo  X  414 

instead  of  800,000.    This  makes  the  pole-face  density  34,300 
instead  of  32,000;   and  the  tooth-density  will  be  34,300 -f- 
0*418,  about  82,000  at  the  tops,  or  about 
91,500  having  regard  to  the  allowance  of 
insulation  between  the  laminations  ;  making 
about  122,000  at  the  roots  of  the  teeth. 

A  suitable  width  of  gap  (see  rules  on 
p.  550)  will  be  \  inch  or  a  little  less,  say 
120  mils  ;  the  iield-bore  being  9^  inches. 

In  this  type  of  field-magnet  the  mag- 
netic leakage  will  be  higher  than  in  the 
types  that  have  all  poles  wound  ;  the  co- 
efficient of  dispersion  may  be  put  at  i'3, 
giving  as  the  flux  in  the  pole-cores  at 
full-load  about  I,i20,ooo  lines.    The  ordi-  f"^- 415. 

nary  calculation  of  the  magnetic  circuits  (as  on  p.  148)  will 
show  that  4220  ampere-turns  will  be  required  at  full-load 
for  each  pole-pair ;  and  about  3520  at  no-load.  There- 
fore the  shunt-winding,  allowing  a  shunt-current  of  1*6  am- 
peres (i.e.  6'4  per  cent,  of  full  current),  will  consist  of  2200, 
or  with  a  small  margin  for  regulation,  2300  turns ;  and  the 
series-winding  will  need  700 -i-  25  =  28  turns,  on  each  pole. 
The  armature  coils,  69  in  number,  will  each  have  three  turns 
of  wire,  and  will  be  joined  in  series  as  in  Fig.  251,  p.  402, 
and  will  span  over  17  teeth. 

At  each  brush-set  there  will  be  25  amperes  to  collect ;  so 
that  allowing  30  amperes  per  square  inch  of  brush-face,  a 
section  of  0'86  square  inch  will  suffice.  Two  "brushes," 
each  O'SS  x  0'8  inch,  put  side  by  side  at  each  of  the  two 
collecting  places,  will  suffice.  A  suitable  size  of  commutator 
will  be  4  inches  in  diameter  and  1*85  inch  long  in  the  face. 
There  will  be  69  segments,  each  O"  16  inch  wide  at  the  face, 
with  mica  slips  25  mils  thick  between  them. 
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The  total  length  of  wire  on  the  armature  will  be  approxi- 
mately 510  feet,  and  the  resistance  (hot)  of  the  armature  will 
be  about  0"i8  ohm,  or,  allowing  0-35  as  the  contact  resistance 
at  each  brush-set,  there  will  be  a  total  internal  resistance  of 
about  0"25  ohm.  There  will  be  14*4  wires  per  inch  of  peri- 
phery, and  as  each  carries  12*5  amperes,  the  peripheral 
ampere-density  will  be  180  amperes  per  inch.  The  shunt- 
winding  will  consist  suitably  of  2300  turns  of  a  wire  having 
1600  circular  mils  of  section,  that  is  a  No.  19  S.W.G., 
measuring  40  mils  bare,  or  52  mils  covered,  on  each  of  the 
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Fig.  416— 3-kw.  Genkkatok  (Kolben's  PATTtKH). 

two  bobbins.  As  the  mean  length  of  one  turn  will  be  about 
i3'9  inches,  the  total  length  of  wire  for  the  two  bobbins  will 
be  about  7225  feet,  and  its  resistance  (hot)  will  be  about 
50  ohms.  At  the  voltage  of  123,  an  auxiliary  resistance  of 
about  22  ohms  will  be  needed  in  the  riieostat.  The  series- 
winding  has  to  carry  25  amperes,  and  will  need  a  section  of 
about  30,ocxD  circular  mils.  A  No.  7  S.W.G.  wire  of  diameter 
O'  176  inch  bare,  and  o'lQOcovered,  will  suffice.  Tha  28  turns 
on  each  bobbin  will  together  require  about  125  feet,  with  a 
resistance  (hot)  of  about  0*05  ohm. 
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by  first-rate  firms  being  necessarily  omitted  for  want  of  space. 
In  former  editions  of  this  book  many  forms  have  been  de- 
scribed that  are  now  omitted.  In  the  French  edition  of  this 
work,  translated  by  M.  E.  Boistel,  a  number  of  types 
prevalent  in  France  are  mentioned.  The  author  naturally 
devotes  space  to  notice  chiefly  those  machines  of  which  he  is 
able  to  give  detailed  information  or  drawings,  and  acknow- 
ledges the  courtesy  of  the  various  designers  and  manufacturers 
in  enabling  him  so  to  do. 

Kapfs  Bipolar  Generator,  Plates  II.,  III.  and  IV. — This 
machine,  designed  by  Mr.  Gisbert  Kapp  and  built  in  1887  by 
Messrs.  Johnson  and  Phillips,  is  of  the  **  over "  type,  with  a 
smooth-core  drum-armature.  It  is  a  2i-unit  machine,  giving 
200  amperes  at  105  volts  at  780  revolutions  per  minute.  The 
design  has  already  been  analysed  in  Chapter  XIX  pp.  621 
to  631. 

One  peculiarity  in  this  dynamo  is  the  mode  of  driving  the 
conductors  of  the  armature.  As  shown  in  the  section  in 
Plate  III.,  there  are  introduced  at  intervals  between  the  core- 
disks,  some  thicker  disks  having  ventilating  apertures  and 
projecting  horns  of  steel.  Around  these  steel  horns  are  placed 
pieces  of  hard  white  fibre,  as  driving-horns  ;  and  as  these 
project  in  alternate  positions,  the  copper  conductors  cannot 
be  laid  straight,  but  are  given  a  sinuous  form.  Plate  III.  also 
shows  how  the  core-disks  are  clamped  together  by  face-plates 
having  ventilating  perforations  through  them,  the  whole  core 
being  held  up  against  a  collar  on  the  shaft  by  a  screw-nut. 
The  figures  in  Plates  II.,  III.  and  IV.  also  show  the  details 
of  the  brush-holder  and  rocker,  the  construction  of  the  field- 
magnet,  the  arrangements  of  the  bearings,  and  the  pattern  of 
lubricator  employed. 

For  other  types  of  generator  designed  by  Mr.  Kapp  the 
reader  is  referred  to  his  excellent  work,  Elektromechaniscke 
Konstrtiktionen  (2nd  edition,  Berlin,  1902). 

Oerlikon  Go's  Dynamos,  —  For  many  years  past  the 
Oerlikon  Machine  Works  near  Zurich  have  produced  excel- 
lent machines.  Till  1892  the  chief  designer  was  Mr.  C.  E. 
L.   Brown.      After   that  date   Mr.    Kolben    and   Dr.   Behn 
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Eschenbut^  have  successively  been  mainly  responsible  for 
the  types  produced.  With  the  Oerlikon  works  originated  the 
multipolar  type  of  generator  of  which  Fig.  417  is  an  example, 
a  type  which  since  1890  has  been  extensively  followed  in  the 
United  States  as  well  as  in  Great  Britain. 

Plate   XV.    shows  an  Oerlikon    MP  4—265—370  ma- 
chine.     The  general  aspect  is  given  in  Fig.  418.     Of  this 


Fig.  417.— Oekukon  Cu.'s  4-P01.B  6o-kw.  Dvnauo 
(1895  type). 

pattern  a  450-volt  generator  is  at  work  in  the  Central  London 
Railway,  and  a  sgo-volt  one  at  Zurich.  Both  machines  are 
identical  in  all  respects  except  as  to  the  number  of  slots  and 
conductors,  corresponding  to  the  different  voltages. 

The  yoke  is  of  cast-steel,  the  diameter  over  yoke  being 
75  inches,  and  the  length  of  yoke  parallel  to  shaft  is  \T% 
inches.      The   four    field-coils    each  have,  in    the  JSO-volt 
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machine  3200  turns,  and  in  the  450-voIt  machine  2600  turns, 
the  diameter  of  the  shunt-wire  in  the  former  case  being 
O'o/g  inch,  and  in  the  latter  0*087  inch.  The  higher  voltage 
machine,  that  is  to  say,  the  Zurich  generator,  is  compounded, 
there  being  3J  turns  of  strip  copper  conductor  on  each  pole, 
this  conductor  measuring  0*138   inch  by  6-75  inches  insu- 


FiG.  418.— TVPICAL  4-FOLE  Generatok  OP  THB  Oerlikon  Works  1902). 

lated.  The  pole-pitch  is  31*5  inches,  the  pole-pieces  being 
rectangular,  length  parallel  to  shaft  19*3  inches,  and  pole-arc 
23-6  inches.  The  length  of  air-gap  in  both  machines  is 
0*49  inch.  The  diameter  of  armature  is  39*4  inches,  length 
over  conductors  26  "8  inches,  and  length  between  core-heads 
19*7  inches  ;  there  being  one  ventilating  duct  in  the  armature 
0"g8  inch  wide. 
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The  machine  for  Zurich  has  240  slots  and  480  conductors 
each  0*114  inch  by  0*925  inch,  the  slots  being  0*256  inch 
wide  and.  I '02  inch  deep;  and  in  the  machine  for  London 
there  are  208  slots  and  416  conductors  each  0*138  inch  by 
1*04  inch,  the  slots  being  0*335  inch  wide  and  I '18  inch  in 
depth.     The  winding  in  the  Zurich  machine  is  a  four-circuit 

doubly  re-entrant  winding  (symbol    (n)     )  with  four  sets  of 

brushes  and  four  parallel  paths  through  the  armature.  The 
London  machine  has  a  singly  re-entrant  lap-winding  with 
four  circuits  in  parallel.  The  commutator  is  22*8  inches  in 
diameter,  there  being  240  segments  in  the  Zurich  machine 
and  208  in  the  London  machine,  the  length  of  segment  being 
about  9  inches. 

Plate  XIX.  shows  an  Oerlikon  traction  generator  M  P  12 — 
500 — 100 — 550  volts — 900  amperes.  A  general  view  of  the 
machine  is  afforded  by  Fig.  419. 

This  machine,  of  which  two  were  constructed  for  the  Basel 
tramways,  was  required  to  fulfil  somewhat  unusual  conditions 
which  were  specified  as  follows  : — 

When  taking  the  undermentioned  amounts  of  power  the 
electric  output  of  a  generator  shall  be  as  follows : — 

Horse-power  (metric)     .  .  .120  300  500  750 

Kilowatts  output    .         .  .  .       77 '8  206  347  510 

Volts  at  terminals           .  .  .       550  550  550  550 

Revolutions  per  minute  .  .       icx)  100  100  96 

[This  allows  for  a  4  per  cent,  drop  in  the  engine-speed  at 
top  load.] 

The  generators  must  be  able  to  develop  an  output  of  347 
kilowatts  for  a  continuous  run  of  18  hours  without  the  tem- 
perature rise  in  any  part  exceeding  35°  C.  They  must  be 
able  to  endure  an  exceptional  overload  up  to  520  kilowatts 
for  two  hours,  and  a  temporary  one  up  to  675  kilowatts. 
Mechanically  they  must  be  able  to  stand  a  casual  doubling 
of  the  speed,  and  electrically  must  stand  a  test  of  2000  volts 
between  winding  and  frame.  At  a  constant  speed  and  with 
a  fixed  position  of  the  handle  of  the  exciter  rheostat,  the 
voltage  shall  rise  from  550  to  588  volts,  or  shall  fall  to  512 
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volts  when  the  load  of  the  machine  being  at  6rst  250  horse- 
power, shall   be   respectively  reduced   to   zero  or  raised  to 
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500  horse-power.  If  the  speed  of  the  steam  engine  is  raised 
or  lowered  3  per  cent  the  resulting  change  of  voltage  shall 
not  be  greater  than  12  per  cent  Each  generator  is  a  pure 
shunt  machine. 

This  generator,  which  represents  the  normal  type  "  G  120" 
of  the  Oerlikon  Company,  has  the  following  principal  dimen- 
sions : — The  diameter  of  the  armature  is  98^  inches,  the  length 
between  core-heads  14^  inches,  and  there  is  a  single  ventilat- 
ing duct  about  0'8  inch  wide.  There  are  1326  conductors 
each  0*472  by  o*  138  inch,  two  such  being  placed  in  each  of 
•663  slots ;  each  slot  being  0*236  inch  wide  and  I'i8  inch  in 
-depth.  The  gap-space  is  10  millimetres  or  0*3937  inch. 
The  core-segments  are  mounted  on  a  cast-iron  spider.  The 
winding  is  a  series- parallel  wave  with  six  circuits  from  brush 
to  brush,  the  winding-step  being ^1  =jK3  =  m.  This  reduces 
the  number  of  conductors  to  half  that  which  would  have  been 
necessitated  had  a  parallel  winding  (12-pole,  12-circuit)  been 
adopted.  The  commutator  is  composed  of  663  segments  of 
hard-drawn  copper  built  up  upon  a  cast-iron  ring,  and  the 
•commutator  risers  connecting  the  segments  with  the  winding 
are  of  iron.  The  commutator  is  about  71  inches  in  diameter 
-and  has  an  active  length  of  6  inches.  There  are  12  ranges 
of  carbon  brushes  with  6  brushes  in  each  range,  mounted  on 
a  bronze  support  The  yoke  of  cast-steel,  bored  on  its  inner 
face,  is  cast  in  two  parts.  The  12  pole-cores  are  cylindrical, 
-of  cast-steel,  with  a  diameter  of  13*825  inches.  Their  basal 
faces  are  turned  off  to  fit  the  bored  face  of  the  yoke,  and 
each  is  secured  with  two  screws.  The  shunt-coils  on  the 
bobbins  consist  each  of  950  turns  of  a  wire  0'i4i  inch  in 
thickness.  The  steel  yoke  is  stiffened  by  a  single  rib  of 
girder  section.  It  will  be  noted  that  the  pole-cores  are  in 
this  machine  relatively  short  The  whole  magnet-frame 
stands  on  two  feet  at  the  sides  upon  two  cast-iron  foot-steps 
which  are  secured  into  the  concrete  foundation.  The  front 
bearing  is  screwed  down  to  a  separate  foot-step.  The  design 
of  these  bearings  is  separately  shown  in  Fig.  345.  They 
are  provided  with  oil-rings  for  automatic  lubrication.  The 
weight  of  the  magnet-frame  and  pole-cores  is  about  9^  tons. 
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with  about  \\  tons  of  copper  in  the  twelve  m^net-bobbins. 
The  armature  weighs  about  1 1  tons ;  there  being  about 
4-7  tons  of  iron  stampings,  1320  lb.  of  copper  conductors 
and  880  lb.  of  commutator  segments. 


!U4-4-44-^^ 


Tests  made  on  the  completed  machines  show  the  following 
results.     Shunt  winding  resistance  38  ohms,  armature  resist- 
ance (brush  to  brush)  0'02  ohm.     Efficiency  at  all  loads  from 
350  to  500  kilowatts  about  94  per  cent.     The  temperature- 
I.  2  u 
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rise  after  12  hours  at  full-load  was  about  25°  C  At  all  loads 
and  even  with  sudden  changes  of  300  to  1000  amperes,  and 
with  fixed  position  of  brushes,  the  machines  were  reported 
to  show  no  sparks  at  the  commutator.  Fig.  420  gives  a 
graph  of  these  tests  and  shows  the  no-load  characteristic  of 
the  machine. 

Another  recent  Oerlikon  machine  is  shown  in  Fig.  421, 
which  is  a  lighting  generator  supplied  to  Bordeaux.  This  is 
MP  10 — 165 — no — 280  volts — 590  amperes.  It  has  440 
slots  with  six  conductors  in  each  slot,  the  coils  being  former- 
wound  with  three  conductors  in  the  upper  and  three  in  the 
lower  half  of  the  coil.  The  commutator  has  440  segments. 
The  coils  are  joined  up  as  a  lap-winding,  the  end  of  one  to 
the  beginning  of  the  next,  and  each  junction  is  united  by  an 
inverted  butterfly  evolute  riser  to  two  segments  of  the  com- 
mutator situated  88  segments  apart  (corresponding  to  the 
double  pole-pitch),  thus  tending  to  equalize  the  currents  to 
be  collected  at  the  brushes.  The  dimensions  of  the  slot  ^re 
1  '497  by  0*295  inch.  The  magnets  are  shunt-wound,  with 
all  ten  coils  in  series ;  each  coil  having  972  turns  of  a  wire 
Q- 131  inch  in  diameter  covered  to  a  diameter  of  0*150  inch. 
The  no-load  flux  is  5*8  megalines.  The  efficiency  is  90  per 
cent,  from  half-load  to  full-load.  Steinmetz  coefficient  2  •  24. 
Ampere-conductors  per  inch,  660. 

Messrs.  Brown,  Boveri  &  Co.,  of  Baden  (Switzerland)  have 
constructed  many  types  of  machines  for  continuous  currents. 
A  leading  feature  of  most  is  the  barrel-winding  in  two  super- 
posed cylindrical  layers,  patented  in  November  1892  by 
Mr.  C.  E.  L.  Brown.  Fig.  422  shows  their  normal  type  of 
belt-driven  machine  with  cast-steel  yoke,  and  steel  pole-cores. 
All  the  larger  sizes  have  laminated  pole-shoes  screwed  on.  In 
the  case  of  compound  machines  the  series  and  shunt-coils  are 
separately  former-wound,  the  series-coils  being  nearest  the 
armature.  The  spider  is  of  cast-iron.  The  binding  wires  are 
of  bronze.  The  pole-cores  are  each  secured  by  one  central 
screw  and  a  steady-pin. 

Fig.  423  depicts  an  interesting  machine  which  departs 
from  the  normal  type  in  one  respect.     It  is  a  double-current 

2  u  2 
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machine;  being  furnished  not  only  with  the  ordinary  com- 
mutator to  yield  continuous  currents,  but  also  with  three  slip- 
rings,  that  it  may  at  the  same  time  furnish  a  three-phase 
alternating  current  The  rocker-ring  is  bracketed  out  from 
the  yoke,  while  the  brushes  for  the  shp-rings  are  supported 
from  the  pedestal  of  the  bearing.  The  chief  data  of  this 
machine,  which  was  constructed  for  the  lighting  station  at 
Alloa  (Scotland),  are  as  follows  : — M  P  (cont.  and  3-phase) — 
8 — 194 — 350— 490volts  (or  300  A  volts) — 396  amperes.     The 


Fig.  411. — Brown,  Bovbki  &  Co.'s  Normal  Tvpe  (1901). 

armature  core-body  is  42'l  by  124  inchcs,with  128  slots 
I '9  inch  deep  and  049  wide.  In  each  slot  are  12  con- 
ductors, four-deep,  each  having  a  section  o'325  inch  by 
0*13  inch.  The  over-all  length  of  the  armature  windings  is 
about  25  inches.  The  gap  is  0*355  inch.  The  magnet-cores 
are  7*9  inches  in  radial  length,  and  10*2  inches  in  diameter. 
The  outside  diameter  of  the  yoke  is  71  -g  inches.  The  com- 
mutator is  32-4  inches  in  diameter,  and  the  segments  6-9 
inches  gross  length,  there  being  384  segments.     The  magnets 
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are  shunt-wound  with  1820  turns  on  each  bobbin,  the  wire 
being  0-083  '"ch  in  diameter.  The  space-factor  in  the 
slots  is  0'3is  ;  that  of  the  magnet-coils  0'568.  The  current 
density  in  the  armature  is  1920 ;  in  the  shunt-coil  962  ;  at  the 
brush  contacts  40  amperes  per  square  inch.  The  flux-density 
in  the  gap  is  42,000,  and  in  the  teeth  116,000  at  no-load. 
The  no-load  excitation  is  6600  ampere-turns  per  pole,  of 
which  the  gap  and  teeth  require  about  5360.  The  cross- 
magnetizing  ampere-turns  are  about  6600,  and  the  demo- 
netizing 300a  Ampere- conductors  per  inch  of  periphery  520. 
Plate  IX.  gives  a  drawing  of  a  4-pole  barrel-wound  drum- 


Kii;.  424.— 4-P0LE  Vektic.al  Excitkr  Dvnaiio  for  Torbine-drivcnc 

armature,  and  shows  the  essential  constructional  features  of 
this  type. 

Fig.  424  shows  the  type  of  dynamo  suitable  for  being 
driven  by  a  vertical-shaft  turbine.  This  example  is  taken 
from  a  machine  used  as  an  exciter  in  the  turbine-house  of  the 
town  of  Aarau.  This  is  a  i6*kw,  machine,  running  at  300 
revs,  per  min,  ;  giving  200  amperes  at  80  volts,  and  is  used 
for  exciting  the  lai^e  "  umbrella  "  alternators  in  the  power 
station.     Its  height  is  about  45  inches  from  the  bed. 
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Of  late  Messrs.  Brown,  Boverl  &  Co.  have  designed  special 
machines  to  be  coupled  direct  to  Parsons*  steam  turbines. 
The  very  high  speeds  have  necessitated  sundry  modifications 
in  design.  The  armatures  are  relatively  smaller  in  diameter 
and  of  greater  length,  and  the  field-magnets  are  provided  with 
a  special  mode  of  cross-compounding.  One  of  these  machines, 
of  100  kilowatts,  is  described  on  p.  759. 

Messrs.  Scott  and  Mountain  make  a  standard  line  of 
generators  from  a  12-pole  78-inch  by  13-inch  generator  of 
280  kilowatts  and  90  revolutions  to  a  4-pole  42-kilowatt 
machine  at  680  revolutions,  the  larger  sizes  being,  of  course, 
for  direct  coupling,  and  the  smaller  ones  rope-driven.  These 
machines  throughout  are  characterised  by  solid  mechanical 
construction,  the  large  relative  size  of  bearings,  in  all  sizes, 
being  especially  noticeable.  The  mechanical  construction  of 
the  armature  is  simple,  the  armature  laminations  being  held 
upon  a  spider  by  stout  bolts.  In  the  larger  sizes,  the  com- 
mutator is  bracketed  out  from  the  arms  of  the  spider,  and  in 
the  smaller  sizes  the  commutator  is  built  up  on  an  extension 
of  the  armature  hub,  the  whole  being  held  against  a  shoulder 
on  the  shaft  by  a  threaded  ring  kept  home  by  a  grub-screw. 
Slotted  drum  armatures  and  barrel-windings  are  used  through- 
out ;  the  pole-cores  are  of  cast-steel,  while  both  cast-iron  and 
cast-steel  yokes  arc  used,  the  former  in  the  larger  sizes.  The 
armature  conductors,  instead  of  being  bent  round  and  in  one 
continuous  piece  at  the  back  of  the  armature,  are  clamped 
together  with  a  copper  clip  and  the  whole  then  soldered,  this 
construction  being  considered  to  give  special  advantages  in 
repairing.  In  the  machine  having  four  conductors  per  slot 
(see  Plate  V.)  the  conductors  are  first  taped,  then  a  pair  of 
them  are  wrapped  with  manila  paper  and  placed  in  the  slot, 
which  again  is  lined  with  varnished  millboard.  In  this  par- 
ticular example  the  total  thickness  of  insulation  between 
conductor  and  core  is  '075  inch.  In  connecting  to  the 
commutator,  the  commutator-risers  are  let  into  the  com- 
mutator-bars,   and    then    both    soldered    and    riveted,   thus 
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making  an  excellent  joint  both  mechanically  and  electrically. 
The  binding-wires  are  insulated  from  the  armature-core  with 


s 


one  turn  of  varnished  millboard  and  mica  slips.  The  com- 
mutator construction  possesses  no  unusual  features.  Equal- 
izing rings  are  used  in  the  larger  si^es.  built  up  against  the 


I 


M 

J    • 

1       • 
■         I 

i     I 
1     » 


]•! 


■ 


EN ERATO R. 


iQ,  Newcastle  aaTyne. 


3^ 


Examples  of  Modern  Dynatnos.  665 

back  of  the  commutator,  and  held  by  a  cast-steel  clampmg- 
ring.  In  a  particular  case  of  the  12-poie  2S-kilowatt  gene- 
rator (see  Eig.  425),  equalizing  rings,  six  in  number,  are  used, 
these  rings  being  built  up  with  the  commutator,  behind  the 
com  mutator- risers,  and  insulated  as  shown.  The  six  copper 
rings  are  i  inch  in  depth  and  \  inch  thick,  the  insulation 
between  the  rings  being  O'Cg  inch  in  thickness  and  the  in- 
sulation at  the  ends  J  inch  thick. 

This  firm  aims  at  high  flux-densiiies  throughout,  running 

the  flux  up  to  B  =  140,000  or  more  at  roots  of  teeth  and 

,   over  100,000  in  the  magnet-cores  ;  and  using  also  a  fairly  high 

gap-density.   The  field-bobbin  construction  in  these  machines 


is  a  detail  worthy  of  note.  The  bobbins  are  made  with  sheet- 
iron  cores  and  thick  teak  flanges,  which  have  a  good  appear- 
ance, but  which  would  seem  to  take  up  a  good  deal  of  valuable 
space. 

Fig.  426  shows  a  detail  drawing  of  bobbin  construction 
for  the  Scott  and  Mountain  6-polc  generator  depicted  in 
Plate  V.  For  insulation  over  the  sheet-iron  spools  two  layers 
of  varnished  canvas  and  one  complete  layer  of  press-spahn 
O'o6  inch  thick  are  used.  According  to  the  makers,  the  use 
of  these  sheet-iron  cores,  thus  enabling  the  winding  readily 
to  communicate  its  heat  to  the  frame  of  the  machine,  permits 
the  use  of  very  high  current-densities  in  the  field-bobbins. 
Fhey  are  thus  enabled  to  use  current-densities  of  over  lOOO 
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amperes  per  square  inch  in  the  field  winding,  and  by  thus 
shortening  the  necessary  winding  space,the  over-all  dimensions 
of  the  machine  may  be  reduced,  and  consequently  the  cost. 


COMMUTATOR 
SEGMENTS 


FRONT.  ^Jffiit  1  (upper) in  X!*  f  .sljot  f>o  2  (lowe^)  in  y?Z1  .slot 
BACK .         ,     Z  (hnver  )  „      ..  2/     ,       „     3  (jxfper)    „       „     /     „ 
FRONT.      „     3(ufp^r)„      ..   /     „       .    4'Un^yer)    „      ^  2f     „ 
BACK.        „     4'{Uf^er)  „     „  2/    ,       „     1  (ufjper)    ,,      „    Z     „ 
aiui  'SO  fbrUt', 

Fig.  427. — Winding  Diagram  of  Scott  and  Mountain 

6- Polk  Generator. 

Fig.  427  shows  the  winding  scheme  of  the  6-pole  machine 
described,  the  design  of  which  is  analysed  at  the  beginning 
of  Chapter  XIX.  p.  582. 

The  compounding  conductor  is  of  rectangular  strip,  wound 
edgewise,  as  shown  in  the  detail  drawing.  These  coils  are 
wound  bare,  then  opened  out  slightly  and  taped.    Connexion 
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of  one  series  coil  to  another  is  made  by  flexible  copper 
couplings  bolted  on.  Carbon  brushes  are  used  throughout 
without  exception  in  machines  by  this  firm,  the  current 
density  in  the  carbon   being  about   30  amperes  per  square 


fjc.  428.— DvKAMo  Of  THK  Allgkmk]nk  Co.,  M  P  ro— I4»— i;o. 

inch  in  the  larger  machines  and  about  15  amperes  in  the 
smallest  size.  An  extract  from  a  very  usual  form  of  guaran- 
tee for  these  machines,  supplied  by  the  makers,  is  as  follows : — 
There  shall  be  no  sparking  due  to  variation  of  load  within 
the  limits  of  no-load  and  25  per  cent,  overload,  the  machine 
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to  run  continuously  with  practically  no  sparking  or  burning 
of   the   brushes,   and   without   blackening   the   commutator. 
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The  machine  to  stand  a  momentary  overload  of  50  per  cent, 
without  sparking  with  fixed  brushes,  and  the  armature  to 
stand  an  alternating  potential  of  2000  volts  without  damage. 

Fig.  428  illustrates  a  belt-driven  lO-pole  machine  of  the 
Allgemeine  Elektrizitats  Gesellschaft,  designed  for  257amperes 
at  550  volts.  These  machines,  with  cast-steel  yokes  and  pole- 
cores,  are  lighter  than  the  machines  of  equal  output  and  speed 
with  fewer  poles  ;  a  higher  peripheral  speed  being  attained  by 
designing  the  armature  of  large  diameter  relatively  to  its 
length.  The  armature  of  this  machine  is  depicted  separately 
in  Fig.  336,  p.  461. 

The  generator,  shown  in  Fig.  429.  by  the  Allgemeine 
Elektricitats  Gesellschaft,  has  18  poles,  with  an  output  of 
660  kw.  at  240  volts  running  at  105  revolutions  per  minute  ; 
the  current  is  thus  2750  amperes. 

There  are  11 52  turns  of  shunt  winding  per  pole  (16  layers 
72  turns  per  layer)  the  wire  having  a  diameter  base  of  4  •  5  mm., 
insulated  with  double  cotton  covering  to  5  •  i  mm. ;  the  total 
length  of  wire  per  bobbin  is  about  1452  metres,  the  resistance 
for  a  single  bobbin  being  i*6  ohm,  and  the  total  weight  of 
the  wire  on  the  whole  field  (18  bobbins)  being  about  3730  kilo. 
The  field  is  excited  in  two  parallels  of  9  bobbins  for  each 
parallel. 

The  armature  has  720  slots  with  2  conductors  per  slot,  the 
dimensions  of  the  conductors  bare  being  4*2  X  7*2  mm.,  the 
length  of  one  conductor  with  its  end  connections  being  i  •  19 
metre,  and  the  total  length  through  the  whole  winding  is  about 
1700  metres.  The  resistance  of  the  armature  at  15°  C.  is 
approximately  c  003 1  ohm. 

A  wave-winding  is  employed,  the  total  number  of  con- 
ductors being  1440,  the  pitch  being  79  conductors ;  the 
winding  thus  goes  round  the  armature  18  times,  and  there  are 
18  parallel  circuits  through  the  armature. 

The  firm  of  Kolben  &  Co.,  of  Prag,  has  made  itself 
known  for  the  excellent  types  which  Mr.  Kolben  has  produced 
during  recent  years. 

Fig.  430  depicts  a  small  4-pole  machine  of  this  firm,  of 
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3  kilowatts  output.  Though  it  has  four  poles,  two  of  them 
only  are  wound,  the  other  two  being  consequent  poles  at  the 
sides  of  the  magnet-frame.  Running  at  IICX)  revolutions  per 
minute,  it  generates  25  amperes  at  a  pressure  of  123  volts  at 
the  terminals.  The  magnet-frame  and  cores  are  of  cast-steel  ; 
the  bearing  supports  of  cast-iron.  The  external  diameter  of 
the" core-disks  is  g-ii  inches;  the  internal  4  inches.  The 
length  between  core-heads  is  about  4J  inches.  There  are  69 
slots,  each  O'/SS  inch  deep  and  o- 167  inch  wide.     In  each 


Kio.  430.— Kulden's  4-roi.E  3-kw.  Dvnamu. 

slot  are  6  conductors,  making  414  conductors  in  all,  their 
diameter  being  0-087  '"^h  bare,  covered  to  o*  1 10  inch.  The 
gap-space  is  o"  1 18  inch.  The  commutator,  of  69  segments, 
is  4  inches  in  diameter,  2  inches  long,  and  the  mica  insulation 
is  0"024  inch  thick.  There  are  two  sets  of  carbon  brushes 
with  two  brushes  on  each  set,  of  a  size  allowing  l  square  inch 
for  30  amperes.  On  each  pole-core  are  wound  a  shunt  coil 
of  2300  turns  of  a  wire  0*040  inch  diameter  covered  to 
O'OSS  diameter,  as  shunt,  and  28  turns  of  a  series  winding 
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0*173    inch    in    diameter    covered    to    O'xgj    inch.      The 
efficiency  at  full-load  is  85  per  cent. 

In  Plate  VI.  is  shown  a  KolbenM  P  4— 70— 7 50  generator 
forming  part  of  a  motor  generator  set,  being  coupled  direct  to 
a  synchronous  single-phase  motor.  It  gives  270  amperes  at 
260  volts.  The  yoke  and  pole-cores  are  in  one  casting  of 
steel,  and  cast-steel  pole-shoes  are  attached  by  screws  to  the 
pole-cores. 

The  field-spools  have  each  2400  turns  of  wire  0*07  inch 
in  diameter,  all  being  of  course  in  series ;  the  length  of  the 
winding  space  is,  excluding  insulation,  7  inches,  and  the 
depth  of  winding  space  2*55  inches.  The  armature  is 
23*2  inches  in  diameter,  and  the  length  between  core-heads 
13*9  inches  ;  there  are  no  ventilating  ducts.  A  wave-wound 
barrel-winding  is  used,  there  being  two  circuits  with  226 
conductors,  two  conductors  per  slot,  the  number  of  slots 
being  therefore  113.  The  conductors  are  rectangular,  having 
a  cross-sectional  area  of  0*085  square  inch,  and  the  slots 
are  0*32  inch  wide  and  I  "06  inches  in  depth.  The  mecha- 
nical design  throughout  shows  the  utmost  simplicity,  the 
design  of  the  armature  spider  being  especially  neat.  The  com- 
mutator has  1 1 3  segments  and  is  1 3  J  inches  in  diameter. 

Plates  XVI.,  XVII.  and  XVIII.  show  a  Kolben  traction 
generator,  M  P  10 — 250 — 125 — 550  volts— 454  amperes.  Its 
general  aspect  is  shown  in  Fig.  431. 

The  ten  pole-cores  arc  cast  in  one  piece  w  ith  the  yoke,  the 
whole  being  of  cast-steel,  with  cast-steel  pole-pieces  screwed 
on.  Plate  XVIII.  shows  in  detail  the  construction  of  the  field- 
magnet  bobbins  and  pole-pieces.  The  pole-pieces  are  skewed 
in  order  to  ensure  that  the  armature  conductors  in  revolving 
shall  come  gradually  into  the  field.  This  machine  is  com- 
pounded, each  pole  having  5 J  turns  of  copper  strip  5*32 
inches  wide  and  0*059  ^^^'^  ^^  thickness  wound  outside  the 
shunt-turns.  The  outside  diameter  of  the  yoke  is  105  inches, 
the  maximum  radial  thickness  being  5*9  inches;  the  pole- 
cares  are  13*97  inches  in  diameter.  The  field  is  bored  to 
67*25  inches,  and  the  diameter  of  armature  is  66*1  inches, 
the  gap  therefore  being  0*575  inch  long.     The  armature  is 
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wave-wound,  the  winding  being  a  series-parallel,  having  four 
circuits  in  parallel,  with  ten  sets  of  brushes.  There  are  437 
slots,  each  0'2S6  inch  wide  and  o'984  inch  deep,  and  two 
conductors  of  0*0652  square  inch  section,  in  each  slot; 
there  being   thus  in  all  874  conductors.     The  space-factor 


Fig.  431,— Kolben's  io-pole  Tractlon  Generator. 

that  is  to  say,  the  ratio  of  copper  section  to  slot  section,  is 
0-516. 

The  end  connexions  of  the  armature  conductors  are 
made  by  joining  them  together  at  separate  insulated  copper 
segments,  held  round  the  armature  exactly  like  commu- 
tator segments,   this   construction   being  exceptionally  good 
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mechanically  ;  the  commutator  risers  are  then  simply  sweated 
into  cuts  in  these  segments.  The  commutator  has  a  diameter 
of  39  ■  35  inches ;  there  are  437  segments,  or  one  segment  per 
slot.  Mica  0-036  inch  thick  is  used  for  insulation  between  the 
segments.     This  generator  is  for  direct  coupling  to  engine,  a 


Fio.  433.— General  Electric  Co.'s  M' 

flange  being  provided  for  the  purpose  on  the  end  of  the  shaft. 
The  armature  spider  is  secured  firmly  to  the  shaft  by  means 
of  steel  rings  pushed  on  to  a  shoulder  on  the  spider  while  hot, 
the  subsequent  contraction  effectually  gripping  the  spider  to 
the  shaft. 

The  winding-scheme  of  this   machine   is   specially  con- 
sidered and  described  on  p.  401  above. 


"Bi 


treet-Tramway  Generator 
525  Volts, at  200  revs.  per.  Mm. 

.  gned  1y  IF  H.F.  Par  shall. 
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Fig.  432  illustrates  a  special  type  of  generator,  namely,  a 
very  slow-speed  exciter,  destined  to  be  mounted  on  the  end 
of  the  shaft  of  a  large  alternator,  revolving  at  only  75  revo- 
lutions per  minute.  This  entails  peculiar  variations  in  the 
construction. 

The  diameter  of  the  core-disks  is  33*8  inches  ;  the  length 
between  core-heads  15*1  inches ;  and  as  the  output  is  only 
38  kilowatts  the  Steinmetz  coefficient  reaches  the  abnormal 
value  of  13*4.  The  commutator  has  a  diameter  only  slightly 
less  than  that  of  the  armature,  the  risers  being  necessarily 
very  short     The  machine  is  shunt-wound. 

An  i8-pole  electrolytic  machine  of  Messrs.  Kolben  &  Co. 
is  described  in  Chapter  XXI. 

General  Electric  Co!s  Dynamos, — At  the  Schenectady 
works  the  bipolar  Edison  type  of  dynamos  has  long  been 
superseded  by  multipolar  machines,  closely  following  the  types 
•developed  in  Switzerland.  Fig.  433  gives  a  general  view  of  a 
^  kilowatt  machine  of  the  standard  type  adopted  for  the 
5izes  under  100  kilowatts,  having  4  poles.  The  magnet  cores 
and  yoke  are  of  special  mild  steel  soft  castings.  The 
•windings  of  the  armature  are  sunk  between  teeth  in  the  core- 
•disks,  with  air-ducts  at  intervals.  The  insulation  consists  of 
alternate  laminations  of  sheet  mica  and  tough  paper. 

F'g«  434  gives  a  view  of  a  6-pole  traction  generator  of 
400  kilowatts  for  belt-driving  at  1 50  revolutions  per  minute. 
The  output  is  800  amperes  at  500  volts.  These  machines  are 
50  designed  that  the  flux-density  shall  be  85,000  lines  per 
square  inch  in  the  pole-cores,  70,000  in  the  yoke.  In  the 
armature  disks  the  density  is  also  70,000  lines  per  square  inch, 
increased  to  135,000  in  the  core-teeth,  this  high  degree  of 
saturation  being  preferred  as  helping  to  prevent  distortion  of 
field.  The  permitted  amperage  in  the  armature  conductors 
is  only  1500  amperes  per  square  inch.  Some  much  largei 
machines  have  been  constructed  for  direct-driving,  as,  for 
•example,  the  six  1500  kilowatt  machines  in  the  Brooklyn 
generating  station. 

Mr.  H.  F.  Parshall  has  kindly  furnished  the  data  for  the 
design   shown   in    Plates    X.    and    XI.      This   represents   a 

2x2 


676  Dynamo-Electric  Machinery. 

recent  6-pole,  150  kilowatt,  machine  with  cylinder 'drum- 
armature,  giving  300  amperes  at  525  volts  at  200  revolutions 
per  minute.  The  core-disks  are  slotted  with  154  teeth, 
between  which  lie  the  conductors  in  two  layers.  To  diminish 
sparking  a  duplex  winding  (p.  367)  is   adopted,  so  that  in 


Fic.  434.— General  Electric  Co.'s  Traction  Gknerator. 

each  slot  there  are  4  conductors,  and  in  the  commutator  308 
parts.  The  mode  of  construction  of  the  latter,  which  is 
peculiarly  substantial,  is  shown  in  Plate  XI.  It  will  be  noted 
that  the  armature  core-disks,  built  upof  overlappingsegments, 
have  internal  lugs  by  which  they  are   bolted    together  and 
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driven  upon  a  grooved  spider.  There  j  are  about  10,000 
ampere-turns  of  excitation  upon  each  pole,  of  which  about 
.40OCJ  are  provided  by  the  compounding  coils  at  full-load. 
The  shunt  coil  has  to  provide  for  5815  ampere-turns  which  are 
required  as  follows : — 4350  to  drive  the  flux  across  the  gap- 
space,  64s  for  the  yoke,  450  for  the  pole-core,  300  for  the 
teeth,  and  70  for  the  armature  body.  The  flux  through  each 
pole  is  8,700,000  lines. 

Mr.  H.  F.  Parshall,  who  designed  this  machine  for  the 
General  Electric  Co.,  Schenectady,  and  has  since  designed  many 
•others  for  European  firms,  is  the  joint  author  with  Mr.  Hobart 
of  two  elaborate  works  on  Armature  Windings  (London, 
1898)  and  on  Electric  Generators  (London,  1900).  In  the 
latter  work  they  give  very  full  constructional  data  and 
•details  of  the  following  machines. 

M  P  12 — 1500—  75 — 550  volts— 2500  amperes  ; 
M  P    6 —  200 — 135 — 500  volts —  400  amperes  ; 
M  P  10 —  300 — 100 — 125  volts — 2403  amperes  ; 
M  P    6 —  250—320 — 500  volts —  455  amperes. 

Of  these  the  first,  which  was  built  for  the  Chicago  Ex- 
hibition of  1 893,  is  not  altogether  satisfactory,  and  the  third,  a 
lighting  machine,  is  distinctly  an  inferior  design.  The  best 
is  the  second. 

Its  armature  is  lap-wound  with  1760  conductors  in  two 
layers,  in  220  slots,  barrel-wound.  The  current-density  is 
1760  amperes  per  square  inch  in  the  armature,  6670  in  the 
commutator  risers,  800  in  the  shunt-coil,  770  in  the  series- 
coil,  44*5  at  the  brush  contact.  The  flux-densities  at  full- 
load  were  as  follows  : — 76,000  lines  per  square  inch  in  armature 
core-body,  121,000  (apparent)  in  teeth,  45,000  in  the  gap, 
96,000  in  steel  pole-core,  70,000  in  steel  yoke.  The  excitation 
percentages  were  allocated  as  follows  : — 

At  no-load.  At  full-load. 

Armature-core        .         .         .         .         .                  4*4  5'0 

Teeth 7*3  10*4 

Gap 58-9  63*0 

Pole-core 17*3  21  "5 

Yoke 12- 1  I4'0 

Compensation  for  demagnetization  .         .         .         ..  24*4 

,,                distortion    .         .         .         .         ..  5*0 

icx>-o  143-3 
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The  excitation  at  no-load  required  7630  ampere-turns  per 
pole  ;  at  full-load  10,990.  The  heat-loss  in  the  armature  was 
1*70  watts  per  square  inch  of  radiating  surface,  and' the 
temperature  rise  yf  C.  by  thermometer  or  37  by  resistance 
measurement.  The  losses  in  percentage  of  the  net  full-load 
output  were : — armature  iron  i  '38,  armature  copper  4*4,  com- 
mutator and  brushes  0*735,  excitation  i  '2i,  including  series- 
coils  and  rheostat.  The  curves  given  in  Figs.  383  and  384 
relate  to  this  machine. 

Mr.  Parshall  has  also  published  ^  very  complete  data  of  a 
slow-speed  550-kilowatt  generator  of  the  General  Electric 
Company's  design,  which,  though  a  rather  heavy  machine  for 
its  output,  gave  a  very  satisfactory  performance  from  the  point 
of  view  of  cool  and  sparkless  running.  Fig.  435  shows  the- 
armature  in  section.  Let  us  treat  this  machine  as  though  we 
had  to  design  it,  adopting  the  order  of  procedure  of  p.  554. 
We  are  to  produce  a  multipolar  generator  working  at  a 
terminal  pressure  of  500  volts  (at  no-load),  and  of  550  volts 
at  the  full-load  of  1000  amperes,  the  engine  speed  being  go- 
revolutions  per  minute.  Obviously  it  is  to  be  over-com- 
pounded. The  prescribed  efficiency  is  94  per  cent  at  full- 
load.  As  the  full-load  is  1000  amperes,  if  we  would  not 
attempt  to  collect  more  than  200  amperes  at  any  one  row  of 
brushes,  we  must  have  at  least  lO  poles  and  10  rows  of 
brushes  (5  positive  and  5  negative).  With  a  lO-pole  machine 
with  sted  poles,  one  would  expect  the  armature  diameter  to 
be  at  least  five  times  the  length  of  the  core- body.  Then 
applying  formula  No.  [Ill],  p.  542,  let  us  assume  B^  =  42,000 ;. 
qx  =  600;  -^  =  o*7S  ;  froni  which  k  =  31,800.  Therefore 
^/  =  31,700  X  550-7-90  =  19,300 ;  and,  if  ^  =  5  /,  we  get 
d^  =  965,000,  whence  ^  =  98*5,  which  would  give  /=  19*7. 
The  dimensions  actually  used  are  d?  =  96  and  /  =  20*  5  ;  so  that 
the  Steinmetz  coefficient  comes  to  3*56.  The  peripheral 
speed  is  2263  feet  per  minute,  and  the  periphery  302  inches. 
This  gives  30*2  inches  for  the  pole-pitch  at  the   armature 

*  Street  Railway  Journaly  xvi.  Oct.  1900  -,  and  Electrician,  xlvi.  670,  Xov.23,, 
1900. 
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face.  Taking  the  pole-arc  at  about  75  per  cent,  of  the 
pole-pitch,  or  22  inches,  the  area  of  pole-face  (which  is  not 
quite  rectangular,  being  bevelled  at  the  outer  comers  to  a 
polygonal  form)  will  be  about  22  X  20  =  440  square  inches. 
If  we  take  42,000  lines  per  square  inch  (at  no-load)  as  a 
suitable  pole-face  density,  that  would  make  the  flux  from 
one  pole  to  be  N  =  18,480,000,  or  18-48  megalines.  Now 
using  the  formula  of  (VII^),  p.  547,  since  «  (the  revolutions  per 
second)  =  i  ■  S  and  E,  the  no-load  voltage,  is  500,  we  get  for 
the  trial  value  of  Z  the  number  of  armature  conductors  : — 

500  X  10* -i- (1-5  X  184,80,000)  =  1803. 

The  actual  number  in  the  machine  is  1800  grouped  in  3C0 
slots,  6  conductors  in  each  slot.  Testing  this  by  the  rule  that 
it  is  inadvisable  to  have  more  than 
600  ampere-conductors  per  inch  of 
periphery,  we  find  1800  conductors 
each  carrying  100  amperes  (since 
there  are  10  paths  for  1000  amperes) 
occupying  302  inches  periphery, 
making  595  amperes  per  inch  peri- 
phery, which  is  satisfactory.  Further, 
as  71  =  I  J,  and  there  are  5  pairs  of 
poles,  the  frequency  of  magnetization 
will  be  only  7^  cycles  per  second. 
There  will  be,  of  course,  900  seg- 
ments in  the  commutator,  and  as 
these  ought  to  be  about  0-3  inch 
Fia436-SLOTOFPARSHALL-3  ^^.[j  ^^^  ^^^^^  periphery  of  the 
S50-KILOWATT  Machine.  '  f      f       j 

commutator  ought  to  be  about 
270^  it  is  in  fact  272,  the  diameter  being  86  inches,  and 
the  length  of  the  segment  about  9  inches.  As  the  arma- 
ture periphery  is  302  inches,  and  there  are  300  slots,  the 
tooth-pitch  will  be  foo6  inch.  The  slot  should  be  about 
half  this  ;  it  is  in  fact  0'525  inch  wide.  As  6  conductors 
each  carrying  100  amperes  pass  through  the  slot,  and  as  the 
current-density  in  the  copper  will  be  about  1500  amperes  per 
square  inch,  each  conductor  will  need  to  be  about  0-065  square 
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inch  in  section,  and  the  total  section  of  copper  in  any  one 
slot  will  be  about  0'39  square  inch.  If  the  space-factor  be 
assumed  at  about  0*4,  this  will  show  that  the  gross  section  of 
the  slot  must  be  nearly  i  square  inch.  As  it  is  0*525  inch 
wide  it  must  therefore  be  nearly  2  inches  deep.  In  fact,  the 
slots  are  made  exactly  2  inches  deep,  allowing  for  a  wedge  at 
the  top.  The  copper  conductor  is  0*0641  square  inch  in 
section.  The  slots  being  0*525  inch  wide,  the  gap  must  not 
be  much  less.  It  was  actually  0*375  inch.  As  this  is  to  be 
an  over-compounded  machine  there  must  be  allowed  a  long 
pole-core,  say,  as  a  trial  value,  not  less  than  40  times  the 
length  of  the  gap,  since  the  teeth  also  are  long  ;  or,  say, 
15  inches.  The  actual  length  was  18  inches.  The  principal 
data  being  thus  accounted  for,  it  will  now  suffice  to  add  the 
following  data  as  given  by  Mr.  Parshall. 

Net  iron-length  of  armature  core-body  14*9. 

Internal  diameter  of  armature-core  71. 

Yoke  (cast-steel),  internal  diameter  138*25. 

Yoke,  external  diameter  149*6. 

Yoke,  diameter  over  ribs  157*5. 

Yoke,  length  parallel  to  shaft  24. 

Number  of  equalizing  rings  10. 

Number  of  equalizing  points  per  ring  5. 

Pitch  of  winding  is  over  29  teeth. 

Armature-spider  has  5  arms,  with  1 5  dovetail  notches  to 
receive  cores. 

Style  of  winding,  lap-wound,  barrel-drum. 

Average  volts  per  segment  of  commutator,  6*1. 

Breadth  of  carbon-brushes  i  inch,  or  3  segments. 

Amperes  per  square  inch  brush-contact  40. 

Shunt-wire  makes  1154  turns  per  bobbin,  and  consists  of 
780  turns  No.  9  B.  and  S.,  and  374  turns  No.  10  B.  and  S. 

Voltage-drop  at  full-load  is  as  follows :— 12*6  volts  due 
to  copper  armature  resistance  (at  60°  C.)  ;  2*4  volts  due  to 
brush  contacts;  0*6  due  to  resistance  of  the  compound 
winding  ;  or  in  total  19  volts.  Hence,  to  give  550  volts  at 
terminals,  the  internal  electromotive-force  generated  at  full- 
load  must  be  569  volts  ;   which,  assuming   speed  constant, 
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means  that  the  armature-flux  at  full-load  must  rise  ta 
20,360,000  lines  per  pole.  Assuming  a  dispersion  ratio  of 
I  •  125,  this  makes  the  values  of  the  flux  per  pole  in  the  pole- 
core  20*8  megalines  at  no-load  (500  volts)  and  23*6  mega- 
lines  at  full-load  (550  volts). 

The  excitation  is  given  by  Mr.  Parshall  as  follows  : — 


Core-body     . 

B 

No-Load. 

.      .           59,000 

B 

Full-Load. 

Amp.-Turns, 
No-Load. 

190 

Ain]>.-Tunis, 
Full-Load. 

67,000 

320 

Teeth       .     . 

,      .        108,  CXX) 

119,000 

340 

900 

Gap    .     . 

.    .      42,500 

48,500 

5000 

5700 

Pole-core 

.     .        78,000 

88.000 

880 

1530 

Yoke .      .     . 

.     .        69,000 

79,000 

640 

1000 

Totals    .     . 

7050 

9450 

There  are  180  conductors  on  the  armature  per  pole,  each 

at  full-load  carrying  100  amperes,  making  18,000  armature 

ampere-conductors  per  pole,  of  which  about  20  per  cent.,  or 

3600,  are  demagnetizing,  and  about  80  per  cent.,  or  14,400,  are 

cross-magnetizing.     Total  ampere-turns  allowed  for  on  each 

magnet-pole  at  full-load  at  550  volts  12,350. 

» 

The  heat-waste  in  iron  in  the  armature  was  estimated  at 
o*88  watts  per  pound  ;  hence,  as  core  weighs  12,600  lb.,  core- 
loss  was  11,000  watts.  Armature  resistance,  brush  to  brush, 
at  60°  C,  0*0125  ohm.  Hence  C-R  loss  for  1000  amperes  was 
12,500  watts.  Total  armature  loss  23,500  watts.  Peripheral 
radiating  surface  12,000  square  inches:  therefore  1*97  watts 
per  square  inch.  Observed  rise  of  temperature  after  8  hours' 
run  at  full-load,  by  thermometer  26°  C,  by  resistance  38°  C. 
Excitation  losses :  total  C^R  loss  per  bobbin,  at  60°  C, 
422  watts.  External  cylindrical  radiating  surface  of  i  bobbin 
1350  square  inches;  therefore  0*312  watts  per  square  inch. 
•Observed  rise  of  temperature  after  8  hours'  run  at  full-load,, 
by  thermometer  on  surface  of  shunt  coils  26°  C,  by  resist- 
ance 45°  C.  C^R  loss  at  brush  contacts  2400  watts ;  in 
commutator    segments    400   watts.      Friction   loss   at   com- 
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mutator  870  watts.  Total  watts  lost  in  commutator  3670 ; 
radiating  surface  2400  square  inches;  therefore  1*53  watts 
per  square  inch.  Observed  rise  of  temperature  after  8  hours'" 
full-load  run,  22  deg.  Centig.  This  makes  the  total  losses  as 
follows :— armature  23,500,  field-magnets  4220,  commutator 
3670  ;  total  31,390  watts.  Hence  the  efficiency  (excluding 
friction  at  bearings)  is  550  -r-  581  •  39  =  0*945  =  94 J  per  cent. 
Assuming  a  permissible  temperature-rise  (by  thermometer)  of 
30  deg.  Centig.,  Parshall  gives  the  following  handy  rules  as  to 
the  requisite  amounts  of  radiating  surface : — 


Armature. 


Field-Coils.     '   Commutator. 


Radiating  surface  (sq.  in. )  necessary"^        i » •  7 e 
per  kilpwatt  output  of  machine  .  j  '  ^ 


IS 


3'7S 


^nCN  OF  WINCIM 
HOFPOUE  PITCH 

Fig.  437. — Winding  Diagram  of  Parshall's  550-KiLowATT  Generator^ 


For  some  further  tests  made  by  Hobart  on  the  various 
reactions  of  this  machine,  see  Electrical  Review^  vol.  1.  p.  456,. 
Mar.  21,  1902. 

Constructional  data  of  a  larger  General  Electric  Co.'s 
generator,  M  P  14 — 1000 — 100 — 575  volts — 1740  amperes, 
are  given  by  Hobart  in  an  article  in  the  Elektrotechnische 
Zeitschrift^  xxii.  p.  650,  August  1901,  where  they  are  com- 
pared with  those  of  kindred  machines  of  equal  output  by 
Rothert,  and  by  Siemens  and  Halske  (Vienna),  see  p.  699. 

One   of  the   largest  continuous-current  machines   is  the 
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fjoa  kilowatt  generator,  with  36  poles,  running  at  75  revolu- 
tions per  minute.  It  is  over-compounded  to  give  525  volts 
at  no-load,  and  575  volts  at  the  full-load  of  4695  amperes. 


:.  Electric  Co.'s  Traction  CiEt 
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F*&-   438  shows  a   view   of  this   machine  as   completed   at 
Boston,  Mass. 

The  armature  of  this  machine  is  260  inches  in  diameter,, 
and  the  length  of  its  core  16  inches.     The  armature  spider 
is  of  cast-iron,  with  grooves  to  receive  the  dovetail  projections 
of  the  laminations.     The  spider  is  designed  so  as  to  act  as  a 
fan  and  force  air  through  the  ducts  in  the  core.     The  arma- 
ture winding  is  of  the  barrel-type,  with  equalizing  rings  at  the 
back.     Armature  coils   are   made   in   halves,   with   soldered 
connexions  at   the  back.     The   commutator,    187   inches  in 
diameter,   is   supported   on   an   extension   of  the    armature 
spider.     The   carbon  brushes  bear   on  the  commutator   not 
quite  radially,  but  are  slightly  inclined  forward  to  permit  of 
freest  movement  in  the  guides.     The  magnet-frame  is  of  cast- 
iron,  divided  horizontally  to  admit  of  inspection.     Each  half 
was  in  fact  constructed  in  three  separate  pieces  to  facilitate 
transportation.      The   magnet-cores  are   of  cast-steel,  fitted) 
with   laminated    pole-pieces  ;  the   latter  being   composed  of 
laminations   of  two   different   lengths   so   as   to   produce   a 
graduated  fringe.     The  pole-cores  are  secured  to  the  yoke  by 
screws.     The  coils  are  wound  on  bobbins  having  a  body  of 
double  sheet-iron,  with  flanges  of  malleable  iron.     The  shunt 
winding  is  next  the  yoke,  the  series  winding  next  the  pole- 
face. 

The  following  is  the  guarantee  on  this  machine : — The 
insulation  between  the  field-coils  and  magnet-frame,  and  thac 
between  the  armature-winding  and  the  armature-core,  must 
be  capable  of  withstanding  the  application  of  4000  volts, 
alternating,  for  10  seconds,  or  2000  volts  for  a  duration  of 
60  seconds.  The  temperature  rise  after  a  run  of  twenty- 
four  hours  at  full-rated  load  must  not  be  more  than  35°  C,  nor 
more  than  55°  C.  with  an  overload  of  50  per  cent,  for  two 
hours,  following  a  run  of  twenty-four  hours  at  normal  full- 
load.  It  must  carry  an  overload  of  50  per  cent,  at  rated 
voltage,  for  two  hours,  or  a  momentary  one  of  100  per  cent., 
without  movement  of  the  brushes  and  without  injurious 
sparking.  The  weight  of  the  armature  is  160,000  lb.,  and 
that  of  the  entire  machine,  310,000  lb. 
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Plate  XIII.  illustrates  a  tramway  generator  constructed  in 
1900  by  the  Aktien-Gesellschaft  Elektricitatswerke  (formerly 
Kummer  &  Co.)  of  Dresden,  designed  by  E.  Fischinger. 
This  is  M  P  18—880 — 90  ;  giving  1550  amperes  at  570  volts. 
It  is  designed  as  a  fly-wheel  machine.  The  armature  is 
217  inches  in  diameter,  with  a  core  length  of  15  inches.  The 
commutator  is  142  inches  in  diameter  with  6*7  inches  length 
of  face.  A  point  of  interest  in  the  construction  is  the  magnet- 
pole,  the  shoe  of  which  is  composite,  consisting  of  a  forward- 
horn  of  cast-iron  and  a  hindward  horn  of  cast-steel  meeting 
obliquely ;  the  form  adopted  being  intended  to  diminish 
magnetic  distorsion  at  full-load.  The  narrow  neck  of  cast-iron 
becomes  highly  saturated  at  no-load,  so  that  as  the  excitation 
is  increased  at  full-load,  the  flux  through  the  hindward  part  of 
cast-steel  shall  not  be  shifted  by  the  cross-magnetizing  reaction 
of  the  armature.  Another  feature  is  the  very  short  length  of 
pole-core. 

Plate  XXII.  depicts  a  lighting  generator  of  the  firm  of 
Postel-Vinay  of  Paris,  M  P  16—400 — 70,  giving  3000  amperes 
at  132  volts.  This  is  one  of  the  few  large  machines  constructed 
with  a  ring-winding.  The  plate  shows  how  the  core-disks, 
built  up  in  segments,  are  held  by  dovetail  notches  to  project- 
ing supports  screwed  into  a  rim  which  is  itself  bolted  to  the 
arms  of  a  spider.  The  commutator  shell  is  bracketed  to 
the  spider  arms.  One  interesting  point  in  construction  is  the 
absence  of  any  outer  bearing,  the  armature  spider  being  keyed 
to  the  projecting  end  of  the  engine-shaft,  with  a  bearing  behind 
the  armature.  The  design  of  this  bearing,  with  the  peculiar 
arrangements  for  centring,  is  shown  in  the  Plate.  It  is  due 
to  Messrs.  Farcot  Freres,  the  constructors  of  the  engine. 

The  following  are  the  principal  dimensions  of  this 
machine: — Armature  diameter,  122  inches;  armature  core 
length,  19*7  inches  ;  number  of  slots,  882,  each  i  •  18  inch  deep 
and  0'66  wide.  Each  slot  contains  side  by  side  2  conductors 
of  dimensions  0*79  by  o*  158  inches.  There  are  450  ampere- 
conductors per  inch  of  periphery.  The  gap  is  0*394  inch. 
Each  pole  is  wound  with  139  turns  of  a  wire  0*336  inch  in 
diameter.     The  over-all  diameter  of  the  yoke  is  170  inches. 


Plate  XIII. 


,\RI1 

1 

eres. 


I 


I '  ' '/ 


rF 


t 


DYNAMO-ELECTRIC    MACHINERY 


MULTIPOLAR    INTERIOR-POLE    DYNAK 

CONSTRUCTED    BY    SIEMENS    AND 


Examples  of  Modern  Dy^tamos,  687 

The  commutator,  which  has  882  segments,  is  71  inches  in 
-diameter,  the  segments  being  15*8  inches  long.  The  resist- 
ance of  the  armature  is  o*  001 5  ohm,  that  of  the  16  shunt  coils 
in  series  1*3  ohms.  The  full-load  flux  in  the  pole  is 
1 3,700,000  lines. 

The  firm  of  Siemens  and  Halske,  after  constructing  the 
bipolar  for  many  years,  developed  multipolar  types  for  their 
large  generators.  About  the  year  1886,  they,  and  independ- 
ently the  firms  of  Ganz  and  Fein,  produced  ^  the  type  known 
as  "  Innenpol  Maschine,"  having  an  external  overhung  ring 
armature.  In  Plate  XXV.  is  shown  one  of  these  machines,  the 
largest  made  being  those  in  the  station  at  Schiflfbauerdamm 
and  other  central  stations  in  Berlin.  The  dynamos  are 
mounted  in  pairs  on  the  ends  of  the  main  shaft  of  a  com- 
pound condensing-engine  of  marine  type,  by  Kerchove  & 
Co.,  of  Ghent,  giving  11 80  indicated  HP,  at  75  revolutions 
per  minute.  Each  dynamo  is  capable  of  giving  2000  amperes 
at  140  volts,  at  60  revolutions  per  minute.  The  field-magnet 
has  10  salient  poles,  with  rectangular  cores  fixed  to  an  annular 
yoke-ring  which  is  carried  in  a  U-shaped  support  on  the  bearing. 
The  excitingcoils  are  all  joined  together  in  series,  and  connected 
in  shunt  to  the  armature.  The  armature  is  built  of  core-rings 
mounted  on  insulated  arms,  which  project  from  a  bronze  star- 
wheel,  thus  overhanging  the  field-magnet.  Fig.  341,  p.  464, 
shows  the  detail  of  construction.  The  winding,  as  that  figure 
shows,  consists  exteriorly  of  straight  copper  bars,  united  by 
other  pieces  of  bent  form  which  pass  through  the  inside  of  the 
ring  from  the  end  of  one  straight  bar  to  the  beginning  of  the 
next,  thus  constituting  a  spiral  and  endless  winding.  The 
collecting  brushes  trail  against  the  exterior  of  the  periphery  of 
the  armature  itself,  which  thus  serves  as  commutator  and  is 
9  feet  in  diameter. 

The  brush-holders  are  mounted  on  a  stellate  rocker,  shown 
separately  in  Plate  XXV.,  and  are  provided  with  means  to 
lift  them  all  simultaneously  off  the  commutator. 

*  See  Elektf-otechnische  Zeitschrift^    April  and  May,  1887 ;  La  Lu mitre  &lec- 
iriquf,  xxiv.  182,  1 887  ;  and  Centralblatt  Jiir  Electrotechnik^  ix.  186,  410  and  581, 

1887. 
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On  Plate   XXV.  is  also  shown  a  more  recent  generator, 
M   P  12—910 — 180,  with  external  field-magnet, 

Fig-  439  depicts  a  more  recent  machine  of  Siemens  and 
Halskc,  giving  300  amperes  at  500. volts,  at  400  revolutions 


Fig-  439. — SLt.Mi.Ns  and  IIalskk  Generator,  M  P  6—150—400. 

per  minute.  The  armature  has  166  slots,  each  32  mm.  deep 
by  9  mm.  wide.  The  conductors  are  shaped  on  a  former  and 
lie  in  two  layers  as  a  barrel -winding.  The  section  of  the 
conductors  is6  x  12  mm.  The  armature-resistance  is  0"02ii 
ohm.  The  commutator  has  166  segments.  The  .shunt- 
winding  has  1965  turns  on  e.ich  pole,  the  wire  being  1*94 
mm.  in  diameter,  and  its  total  resistance  100  ohms. 


B 
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Plates  XXII.  and  XXIII.  relate  to  a  dynamo  constructed 
by  Messrs.  Ganz  &  Co.  on  their  type  for  marine  lighting, 
M  P  6—64 — 320,  giving  170  amperes  at  from  330  to  400 
volts.  The  striking  feature  of  this  machine  is  the  compara- 
tively small  number  of  slots  in  the  core-disk,  there  being  only 
47  in  the  6-pole  machine.  This  would  lead  to  trouble  from 
the  distortion  of  field  and  production  of  eddy-currents  in  the 
poles,  were  it  not  for  the  special  arrangements  of  the  latter. 
As  may  be  seen  from  Plate  XXIII.  the  pole-cores  are  built 
up  of  stampings  held  by  a  dovetail  to  the  yoke.  The 
stampings  themselves  are  of  three  different  shapes,  assembled 
so  that  those  with  extended  tips,  only  one-fourth  of  the 
whole  number,  will  become  highly  saturated,  and  present  a 
well  gradated  fringe  of  field.  The  arrangements  of  the 
commutator  are  very  substantial.  The  following  are  the 
principal  dimensions  of  this  machine.  Diameter  of  armature 
21  '9  inches  ;  internal  diameter  of  core  12  inches ;  core  length 
1 1  inches ;  ducts  4,  each  about  \  inch  wide ;  core-sheets 
20  mils  thick.  There  are  47  slots  each  containing  10  con- 
ductors. The  slots  arc  0*67  inch  wide,  andj  are  narrowed 
at  the  top  to  0*157  inch.  The  total  depth  of  slot  is  I*i8 
inches,  but  the  projecting  tips  of  the  teeth  reduce  the  working 
depth  to  about  i  inch.  The  tooth-pitch  is  1*462  inches,  and 
the  width  of  tooth  at  the  face  I  •  305  inch  ;  at  the  root  its  width 
is  only  0*59  inch.  The  conductor,  of  strip  copper,  is  0*434 
X  0*098  bare,  or  0*454  X  o*  118  inch  covered.  The  winding 
is  a  series-parallel  having  two  circuits.  The  winding-pitches 
are  unequal,  ^i  =  -h  ^^,  and  j/2  =  +  79-  Hence,  J?  =  ^Z,  and 
py  +  ^  =  6x78  +  2=  470.  The  gap  is  only  3  mm.  = 
0'ii8  inch,  an  impossibly  small  amount  were  it  not  for  the 
careful  lamination  of  the  poles.  The  length  of  pole-face, 
parallel  to  the  shaft,  is  10 '2,  and  the  pole-arc  8*66  inches. 
The  length  of  the  pole-core  is  about  7  inches.  The  diameter 
of  the  commutator  is  15*8  inches,  the  working  length  4*14. 
This  would  be  impossibly  short,  but  for  the  use  of  reaction 
brush-holders  (p.  509),  which  enable  the  two  carbon  brushes 
to  cover  nearly  the  whole  length  of  the  working  face.  There 
are  six  brush  sets.  The  commutator  has  235  segments.  The 
I.  2  Y 
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mica-insulation  is  20  mils  thick.  The  yoke  is  of  cast-steel. 
Each  pole-coil  is  wound  with  1360  turns  of  a  wire  0*067  inch 
bare,  or  o'oS?  covered.  There  are  nearly  5  miles  of  the 
shunt-winding,  and  its  resistance  is  about  60  ohms  when 
warm.  After  a  six-hour  run  the  temperature  rise  was  4r-s 
deg.  Centig.  in  the  armature  and  48  deg.  Centig.  in  the  field. 
The  losses  at  full-load  were  about  5685  watts  thus  distributed : 


armature  copper  2114  watts,  armature  iron  1257  excitation 
1371,  brush  contact  486,  brush  friction  and  windage  457,  total 
5685,  This,  at  64  kilowatts  output,  makes  the.  efficiency 
92  per  cent. 

In  the  actual  machines  furnished  for  marine  use,  the 
voltage  is  usually  only  120  to  130  volts,  and  they  are  fitted 
up  a.s  double-current  machines  with  three  slip-rings  connected 


Examples  of  Modern  Dvnamos. 


691 


beyond  the  commutator  so  as  to  afford  a  three-phase  current 
for  motor  driving,  the  continuous-current  being  used  for 
lighting  only. 

The  English  Electric  Manufacturing  Company  (Dick. 
Kerr  &  Co.),  of  Preston,  produce  a  standard  type  of  generator 
designed  by  the  late  Prof.  S.  H.  Short,  depicted  tn  Fig.  440.  A 
sectional  view  of  a  12-polc  machine'  is  given  in  Fig.  442.    This 


r 


—Pole-Cork  Sta> 


is  an  1 100  kilowatt  generator,  running  at  100  revolutions 
per  minute.  It  has  a  heavy  cast-iron  yoke  ;  the  laminated 
pole-cores  being  cast  in  solidly,  and  a  cast-iron  pole-shoe 
attached  by  screw-bolts.  Fig.  441  shows  the  laminated  pole- 
cores.  The  pole-shoes,  as  will  be  seen  from  Fig.  442,  which 
gives  a  view  of  a   mi^nel-frame,  are  in  two  halves,  being 

'  See  EnginariHg,  Jan.  24,  190Z,  p.  118. 
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secured  in  V-notches  punched  in  the  laminated  pole-cores, 
the  two  halves  being  clamped  together  by  bolts,  a  space 
being  intentionally  left  between  the  two  halves  to  assist  in 
preventing  distortion  of  the  pole-face  flux.  In  order  to 
secure  a  well-graded  fringe  at  the  pole-tips  they  are  notched, 
as  is  well  shown  in  Fig.  443. 


Fig.  443. — Macnkt-Framk  of  io-pole  Machine, 

The  construction  of  the  shunt-bobbins  is  shown  in  Fig.  444. 
The  bobbins  have  cast-metal  end-plates  cast  in  open  design, 
to  render  the  ventilation  as  good  as  possible.  The  shunt  and 
compounding  turns  are  wound  side  by  side  and  not  in  super- 
posed layers  as  is  usual.  The  compounding  turns  are  wound 
edgewise,  of  copper  strip. 
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The  armature  is  a  simple  lap-winding,  each  element  being 
a  loop  of  strip  copper  in  one  piece.  Fig.  445  shows  the  com- 
plete armature-core.  Equalizing  rings,  or  connexions  short  cir- 
cuiting points  of  the  winding  at  approximately  equal  potential, 
are  used  to  facilitate  commutation  ;  and  their  arrangement  is 
plainly  shown  in  the  figure,  between  the  commutator  risers 
and  end-plates  of  the  armature. 

Fig.  377,  p.  424,  shows  the  core-plates  of  this  machine,  and 
the  processor  manufacture,  from  the  blank  (numbered  1  in  the 
figure)  to  the  complete  section  (numbered  4).  One  of  the  core- 
plate  separators  to  keep  the  laminations  apart  for  the  formation 
of  ventilating  ducts  is  also  shown  (numbered  3). 


Fn:.  444.— Fiei,d-Mac;.\et  Boubins.; 

Fig.  298,  p.  434,  shows  the  armature-spider  ready  machined. 
It  has  six  arms,  with  dove-tail  grooves  for  holding  the  core- 
plates.  The  commutator  seating  is  plainly  shown,  as  also 
the  seatings  and  bolt-holes  for  securing  the  commutator  to 
the  spider.  The  method  of  assembling  the  segmental  core- 
plates  was  shown  in  Fig.  299,  p.  435. 

The  brush  gear  was  depicted  in  Fig.  380,  p.  512.  The 
brush-rocker  is  carried  on  a  massive  cast-iron  ring,  which  is 
bracketed  out  from  the  yoke,  as  is  shown  in  Fig.  440,  a  worm- 
wheel  being  used  to  shift  the  rocker  for  adjustment  of  the 
brushes. 
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A  generator  by  the  International  Electrical  Engineering 
Company,  of  London,  is  shown  in  Plate  XXIV.,  M  P  8 — ^450 — 
250 — 500  volts — 900  amperes,  having  cast-steel  poles  cast  in 
one  piece  with  the  yoke.  It  has  laminated  pole-shoes  bolted 
on  after  the  shunt-bobbins  are  placed  in  position.  The  out- 
side diameter  of  yoke  is  91  inches,  radial  length  of  pole-core 
15  inches,  and  the  bore  of  field  is  49*7  inches,  and  the  arma- 
ture being  49  inches  in  diameter,  the  length  of  air-gap  is 
about  o*3S  inch.  The  total  flux  from  one  pole  at  no-load 
*s  20*15  megalines,  and  as  the  area  of  pole-face  is  about 
280  square  inches,  the  pole-face  density  is  about  73,000  lines 
at  no-load,  which  is  rather  high.  In  this  machine  in  fact 
both  the  magnetic  fluxes  and  current  densities  are  pushed  as 
high  as  possible,  but  a  fairly  high  armature  surface  speed, 
combined  with  careful  design  as  regards  ventilating  capa- 
bilities, enables  this  to  be  done,  without  excessive  heating. 
There  are  1350  turns  on  each  field-bobbin,  and  the  poles 
being  circular  the  mean  length  of  one  turn  is  58*6  inches  ; 
the  shunt-winding  space  is  11*5  inches  in  length  and  the 
wire  is  wound  to  a  depth  of  2*75  inches. 

There  arc  200  slots  and  800  conductors  0'ii8  inch  by 
o*443  inch,  and  consequently  there  are  four  conductors  per 
slot,  the  slots  being  0*394  inch  wide  and  i'i8  inch  deep. 
The  winding  has  eight  parallel  circuits  and  eight  sets  of 
brushes.  The  arniature  has  three  ventilating  ducts  and  the 
stampings  are  held  by  two  substantial  end-castings  bolted  on 
to  a  spider  of  simple  design.  The  commutator  is  bracketed 
out  from  the  main  armature-spider,  being  secured  by  screws ; 
the  diameter  of  the  commutator  is  33  inches  and  the  segments 
are  12J  inches  over  all. 

Mr.  H.  M.  Hobart,  who  has  written  on  dynamo  construc- 
tion in  conjunction  with  Mr.  Parshall,  has  contributed  to  the 
subject  of  dynamo  design  a  paper  ^  in  which  he  gives  par- 
ticulars of  a  large  number  of  machines  of  his  own  designs. 
Amongst  these  is  noticeable  a  large  generator,  M  P  22 — 1600 
— 85 — 550  volts— 2900   amperes,  which   has   the  high  peri- 

*  Journ.  Inst,  Elect,  Eng.y  vol.  xxxi.  p.  1 70,   1 90 1.     See  also  some  articles 
by  Hobart  in  Electrical  Review^  vol.  1.  pp.  329  et  j^.,  February  and  March  1902. 
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pheral  speed  of  4000  feet  per  minute  and  the  remarkably  low 
Steinmetz  coefficient  of  i'44,  showing  great  economy  of 
material.     The  chief  data  of  this  machine  are  as  follow  : — 


Armature: — 

Core-disks,  external  diameter  (inches) 

,,  internal  ,,  ,, 

Number  of  slots      .... 
Depth  of  slot  (inch) 
Width      ,,  ,,  ... 

Pitch  of  slot  at  armature  face  (inch)   . 
Depth  of  iron  in  core,  under  teeth  (inches) 
Gross  length  of  core  (inches)     . 
Iron        ,,         ,,  ,,  .         . 

Diameter  of  finished  armature  (inches) 
Number  of  conductors 
Arrangement ..... 
Style  of  winding      .... 
Dimensions  of  each  conductor,  bare  (inches) 
Section  of  each  conductor  (square  inch) 
Minimum  width  of  tooth  .         . 
Number  of  ventilating  ducts 


Field-Magnets : — 

Diameter  of  Ix^re  (inches) 

Pole  arc  ratio  (per  cent.) 

Diameter  of  magnet^core 

Length  of  ditto 

External  diameter  of  yoke  (inches) 

Gap       ..... 

Flux  in  magnet- cores  (megalines) 

FIua:  density  in  pole-cores  (steel) 
in  gap  at  pole-face 
in  yoke  (steel) 
in  teeth  (apparent) 
in  core-body 


»» 


»» 


»» 


>» 


Commutator : — 

Diameter  (inches)    .... 
Number  of  segments 
Active  length  (inches) 

Other  data  are  as  follows  : — 

Current  density  in  armature  conductor 
Space- factor  of  slot 

Average  volts  per  segment  of  commutator 
Current  density  in  brush  face    . 
Armature  ampere-turns  per  pole 
Amperes  in  one  conductor 


177 
148 
440 

I '34 
0-55 

1*26 

13*36 

13 
8-6 

177 
2640 

6  in  a  slot 

parallel  (lap) 

o'53  X  o'liS 

0*0625 

o'73S 

7 


177 "79 
72 

IS 
19-18 

254 
o'394 
17 
97,000 

64,000 

35.000 
148,000 

63,000 


138 
1320 

9-6 


2128 
o'St 

9'2 

32-2 
7900 
132 
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Ampere-conductors  per  inch  peripheral 
Ampere-turns  per  pole  at  no-load 


» 


»> 


)i 


ti 


The  losses  are  as  follows  at  full-load  : — 

Armature  iron  loss  (watts) 

n         copper  loss 
Commutator  resistance  loss 
friction  loss 
stray  losses  . 
Excitation,  shunt     . 

rheostat 


II 


II 
II 


II 

series 

u 


diverting  shunt  (see  p.  531) 


Total 


Total  constant  losses 
,,     variable  losses 


Commercial  efficiency,  full-load  (per  cent.) 

half-load 
quaTter*load    . 


i« 


II 


II 


>» 


627 

i3»o«> 
16,000 


32,000 

24,400 

5, 800 

5»3a> 
300 

i3»ooo 
2,000 

3,000 

1,000 

86,800 

52,600 
34,200 

94*9 
92-8 

88-1 


The  number  of  watts  wasted  per  square  inch  of  peripheraf 
surface  with  a  temperature-rise  of  60°  C.  was  3 '9  in  the  arma- 
ture, 2*4  in  the  commutator,  and  0*58  in  the  magnet-coils. 

The  core  stampings  weighed  T*J  tons,  the  armature  copper 
I  •  I  tons,  commutator  segments  i  •  7  tons,  the  magnet  copper 
2*7  tons,  the  pole-cores  10  tons,  total  magnet-yoke  (with 
feet)  33  tons. 

Another  machine,  MP  16 — 1000 — 90 — 500  volts — 2000 
amperes,  described  in  the  same  paper  by  Mr.  Hobart,  and 
constructed  by  the  Union  Elektrizitats  Gesellschaft,  for  Shef- 
field, has  been  fully  analysed  on  pp.  632  to  643. 

Fig-  445  gives  a  view  of  a  machine  MP  8 — 300 — 150 — 
---  volts — 600  amperes,  by  the  Electric  Construction  Com- 
pany of  Wolverhampton.  The  yoke  is  of  soft  cast-iron, 
and  the  pole-cores  of  sheet-iron  stampings  cast  in  ;  with  soft 
iron  forgings  for  pole-shoes  screwed  on.  The  armature-core 
is  built  up  of  charcoal  iron  stampings  of  1 1  inches  radial 
depth,  assembled  to  a  gross  length  of  1 5  inches  including  four 
air-ducts.     It  is  clamped  between  cast  end-plates,  which  have 
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brackets  to  carry  the  barrel-windings.  The  armature  and 
commutator  are  mounted  on  a  cast-iron  spider  keyed  at  the 
commutator  end  to  the  shaft,  but  expanded  at  the  other  end 
into  a  wide  driving-flange  that  is  bolted  to  the  boss  of  the 
fly-wheel.  On  the  inner  part  of  the  spider  are  cast  oblique 
webs  to  serve  as  fans.  The  armature-winding  consists  of 
1536  conductors  of  strip  of  a  sectional  area  stated  to  be 
0*0636  square  inch.  The  commutator,  which  is  42  inches 
in  diameter,  with  a  working  face  ii^  inches  long,  has  768 
segments.  Each  section  of  the  winding  consists  of  a  single 
jointless  loop  bent  edge-on  at  the  end  away  from  the  com- 
mutator, and  former-shaped.  The  external  diameter  of  the 
armature  is  62  inches.  The  slots  have  straight  sides,  and 
are  lined  with  separate  insulation.  The  insulation  resistance 
is  stated  at  100  megohms,  and  the  temperature  rise  after 
8  hours*  full-load  run  is  stated  not  to  exceed  28°  C.  The 
conductors  are  secured  in  the  slots  by  wedges  of  hard  wood, 
and  by  binding  wires  over  the  projecting  ends.  The  rocker- 
ring  runs  on  rollers  bracketed  out  from  the  yoke,  with  an 
adjusting  worm-wheel  gear.  The  shunt-current  at  normal 
full-load  is  8  •  3  amperies  ;  the  shunt-winding  being  former- 
wound  with  coned  ends.  The  machine  is  over-compounded 
by  10  per  cent,  the  full-load  voltage  rising  to  550  volts.  The 
series-winding  is  also  former-wound,  of  rectangular  strip, 
wound  edge-on,  of  two  flat  spirals  united  together  at  the  inner 
periphery,  thus  bringing  both  free  ends  to  the  surface.  At 
full-load  the  series-winding  takes  up  about  1*2  kilowatts, 
being  therefore  about  0*033  ohm  in  resistance. 

A  large  traction  generator  constructed  by  Siemens  and 
Halske,  of  Vienna,^  was  shown  by  this  firm  at  the  Paris  Exhi- 
bition of  1900.  Its  type  is  MP  14 — 1000 — 95— '550  volts,  thus 
giving  1820  amperes  at  full-load.  The  armature  has  a  diameter 
of  98-  5  inches  ;  the  length  between  core-heads  is  21*3  inches. 
There  are  five  ventilating  ducts,  each  about  0*4  inch  wide. 
There  are  1144  conductors,  each  o'  157  inch  x  0*71  inch,  and 
four  of  these  conductors  are  placed  in  each  slot,  there  being 

^  Zcitschrijt  fiir  Elektrotechttik^  vol.  xviii.  p.  551,  1900. 
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therefore  286  slots,  the  size  of  the  slots  being  0*51  inch  wide 
by  1*97  inches  in  depth.  The  winding  is  series-parallel  with 
10  circuits.  The  commutator  is  82  inches  in  diameter,  with 
572  segments,  mica  0-031  inch  thick  being  used  for  insulation 
between  the  segments.  The  minimum  length  of  air-gap  is 
0"35  inch,  and  the  maximum  length  0*47  inch,  the  average 
flux-density  in  the  gap  being  58,000  lines.  The  yoke  is  of 
cast-steel,  the  over-all  dimensions  of  the  machine  being  156 
inches  or  13  feet. 

The  fourteen  field-bobbins  have  each  770  turns  of  wire,  the 
ampere-turns  at  full-load  coming  out  to  about  18,500,  the 
excitation  required  for  this  being  about  13  kilowatts,  or  1*3 
per  cent  of  the  full-load  output  of  the  machine.  There  are 
14  sets  of  brushes. 

The  temperature-rise  after  24  hours'  full-load  run  is  30^  C. 

The  total  weight  of  the  machine  is  just  over  100,000  Ib.^ 
or  44i  tons. 

A  detailed  account  of  many  other  modern  machines  is  to 
be  found  in  C.  F.  Guilbert's  book,  Tlie  Generators  of  Electricity 
at  tlie  Paris  Exhibition  of  1900  (Paris,  Naud,  1902). 

Summary, — The  machines  which  have  now  been  described 
are  summarized  in  the  following  Table  in  order  to  afford  a  view 
of  the  several  values  of  the  more  important  coefficients  adopted 
in  their  design.  The  coefficients  a  and  /9  in  the  later  columns 
are  explained  on  p.  576  above,  and  signify  respectively  the 
gross  values  of  the  average  current-density  and  of  the  average 
magnetic  density  in  the  active  belt  at  normal  full-load.  The 
values  in  the  last  column  of  kilowatts  of  output  per  cubic  inch 
of  the  active  belt  are,  like  the  preceding,  deduced  from  the 
normal  full-load  output  for  which  the  machines  are  rated. 
All  makers  do  not,  it  is  well  known,  adopt  the  same  basis 
for  the  rating  of  their  machines,  for  some  allow  a  higher 
temperature-rise  than  others.  It  is  quite  impossible  to  reduce 
the  values  to  a  common  basis  in  this  respect.  Nevertheless 
the  values  given  are  not  altogether  unfair  as  a  means  of  com- 
parison. If  in  any  machine  the  peripheral  speed  is  high,, 
there  is  necessarily  a  higher  specific  utilization  of  material. 
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And  if  in  any  machine  in  which  this  is  high  the  a  and  )8 
densities  are  also  high,  the  output  per  cubic  inch  of  active 

Table  of  Specific  Utilization  Coefficients  and  other  Features  of 
Design  in  continuous  current  Generators. 


Maker  or  Designer. 


Brown-Boveri  &Co. 


Electric  \ 

Construction  Co.  / 

EngUsh  \ 

Elec.  Manfg.  Co.  / 

General  Elec.  Co. 


V     • 


Specification. 


b     a 


^     •  c 


•s  -g 


St  ,   %> 


11 


<  JQ 


lA 


E 

o. 


jSCiOJ!      og      «^  ^1  I  oil 

S5  X     1   ^> 


^E 


X   h 


o 


\ 


MP     8    194  350  490    396  2'4749"5'S7S,386oi302  27400|62*s 

MP     8    300  150,  500    600   3-1  I    75  592,24301246  39500,  43 

MP    12  iiGO  100  5502000   1-96  166  610  2830  390  51400 1  103 

MP    10    550    90  550^000 '3*95  loo  595*2760  297   3270044-4 

MP    221600    85  5502900   1-44  132  6271 4000  467  47000   163 

j  MP  '   8    450  250  500    900    1-96  112  585,3200  496  47500   140 

.     MP  I  4      70  750  260    270  4-6  I  135  408,4600  3^   18200  67-4 

.     MP    10    250  125  550   455  4-35' 114  475)2200  480  356001  74 

II  MP     4    265  370  450    510  2*9  '255  430 1 3860  365   29000!  92 

•\|  MP      4    265  370  550    360,2-9  ,180  348  i  3860 '  340  I  33800  i  106 

MP    10    165  110  280    590|4'48'   59  660 '2160!  440!  25000' 46 

MP    12    500100  550    900 1 2-8    150  643  2640  544  37400196 
I  I        I        '  1        '  I 

Scott  &  Mountain  |  MP     6    150  450  250    6ool2'42, 100  473 1 3885 '  296  '  37800 !  80 

I  '  '  'III 

Siemens  &  Halske     MP  ,  14  1000    95  55018202-07182672,2460,31050500    70 


Hobart      .     . 

International 
Elec  Eng.  Co. 

Kolben  &  Co. 
Kolben  &  Co. 

Oerlikon  Co.  . 

Oerlikon  Co.  . 
Oerlikon  Co.  . 


Walker  Co. 


MP    10    440    85,  550    800  3-6 


80  585 


2000  336  40500    44 


Exceptional  Dbsicns. 

BrownBoveri&Co.);  >,»        !         '  I 

(High  Voltage)   /^^     4      20,7001000     20 


Kolben  &  Co. 

(Exciter) 
Oerlikon  Co 

(Electrolytic)     / 
Oerlikon  Co. 

(Electrolytic)      / 
Thury 

(Electrolytic) 


MPX 

10      38 

75 

MPC 

32!  560 

55 

MPC 

6    285 

450 

MPC 

12    832 

1 
1 

120 

150,  254 

80  7000 

I 

I 

1901500 


7'35l  10  300  2740 

I   i 

13*4  I  127  1 516  660 

i    '   ' 
5*1  228,447  2540 

2-18  250  835  4200 


208  4000 1  3-15  333  435  3580 


273  25900  39 

437  34700  20 

505  28600  71 

580  24070  117 

368  29100  78 
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belt,  and  therefore  the  output  in  proportion  to  weight  and 
cost,  will  also  be  high.  The  8-pole  machine  of  the  Inter- 
national Electrical  Engineering  Company,  and  the  22-pole 
machine  designed  by  Mr.  Hobart,  are  cases  in  point  The 
high  specific  values  attained  in  these  machines  unquestionabi}' 
indicate  the  way  to  future  economy  in  design.  Ever>'thing 
points  to  the  adoption  of  high-speed  steam-turbines  for  all 
steam-driven  dynamos  of  large  power.  With  such  speeds  as 
these  machines  entail,  very  high  surface-speeds  will  be  reached ; 
and  design  must  be  modified  to  meet  these  conditions.  Greater 
axial  lengths  and  relatively  smaller  diameters  of  armature 
will  be  a  necessity ;  while  with  the  high  commutator  speeds 
carbon  brushes  cannot  be  used.  Both  these  influences  will 
render  greater  the  difficulties  of  sparkless  commutation,  and 
make  more  needful  than  ever  the  most  careful  attention  to 
the  question  of  saturation  of  teeth  and  of  pole-pieces,  and  the 
combating  of  armature  distortion.  But  they  will  also  bring 
about  a  higher  specific  utilization  of  material. 

With  the  introduction  of  large  gas  engines  and  the  com- 
mercial production  of  cheap  gaseous  fuel,  it  would  seem  likely 
that  for  all  generators  exceeding  1000  kilowatts,  gas  engines 
will  be  employed  rather  than  steam  engines,  in  case  water- 
power  IS  not  available.  This  development  will  again  influence 
dynamo  design :  and  as  is  very  evident,  the  dynamos  of 
largest  output  are  precisely  those  in  which  the  best  ventilation 
can  be  attained,  and  in  which  the  highest  specific  utilization  of 
electric  and  magnetic  materials  is  possible. 
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CHAPTER   XXI. 

DYNAMOS  FOR  ELECTRO-METALLURGY  AND 

ELECTROPLATING. 

I 

Special  forms  of  continuous-current  dynamo  are  needed 
for  the  work  of  electroplating,  electrotyping,  and  the  electro- 
lytic treatment  of  ores  and  purification  of  metals.  In  general, 
low  electromotive  forces  and  very  large  currents  are  requisite, 
for  the  quantity  of  metal  deposited  in  the  bath  depends  upon 
the  quantity  of  amperes  of  current  only,  and  not  on  the 
number  of  volts  of  electromotive-force.  And  though  a  few 
volts  are  necessary  to  drive  the  requisite  current  through  the 
resistances  of  the  circuit,  the  number  is  in  general  small. 
To  decompose  water  electrolytically  requires  less  than  two 
volts.  To  deposit  metal  in  a  bath  in  which  the  anode  is  ot 
the  same  metal  as  the  deposit  requires  usually  a  very  small 
electromotive-force.  In  general,  if  too  great  an  electro- 
motive-force is  employed,  or  if  the  density  of  current  (i.e.  the 
number  of  amperes  per  unit  of  area  of  kathode  surface)  is 
permitted,  the  metallic  deposits  will  be  uneven  or  pulverulent. 
All  these  circumstances  point  to  the  construction  of  dynamos 
having  at  most  but  four  or  five  volts  of  electromotive-force,, 
but  so  designed  as  to  have  an  exceedingly  low  internal 
resistance.  If,  however,  as  in  some  processes  where  equal 
currents  are  wanted  in  a  number  of  tanks,  the  tanks  are 
placed  in  series,  the  voltage  needed  will  be  greater  in  pro- 
portion to  the  number  of  cells.  For  example,  in  Castner's 
process  for  making  caustic  soda  by  electrolysing  common  salt 
solution,  each  tank  needs  3  •  3  volts,  so  twenty  tanks  in  series 
will  need  46  volts. 

The  first  application  to  the  purpose  of  electroplating  is  due 
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to  Mr.  J.  S.  Woolrich,  who  in  1842  patented  •  this  use  of  a 
magneto-electric  machine,  Woolrich's  machine  (Fig.  446), 
was  multipolar,  with  eight  separately  wound  coils  clamped  in 
a  wooden  disk,  which  revolved  between  the  poles  of  four  large 
■compound  magnets.  A  primitive  commutator  enabled  the 
machine  not  merely  to  rectify  its  currents,  but  to  furnish 
an  actually  continuous  current.  This  machine  is  now  the 
property  of  the  Corporation  of  Birmingham.  This  was, 
according  to  Sprague,  the  first  practical  machine  for  large 
■currents  and  engine-power,  and  it  gave  great  pleasure  to 


Fig,  446.— Wooijuch's  Electro 

Faraday.  It  was  adopted  by  Messrs.  Prince  and  Son,  and  long 
did  duty  at  the  works  of  the  Electro-Metallui^ica!  Company. 
The  uniformity  of  the  current  evolved  was  considered  re- 
markable. Shaw,  in  his  Manual  of  Electro-Metallurgy 
<i844)  states;  "Mr.  Sturgeon  appears  to  be  the  first  who 
deposited  metals  by  this  apparatus,  but  his  experiments  were 
on  a  small  scale  ;  and  it  is  to  Mr.  J.  S.  Woolrich,  of  Birmingham, 
that  the  art  is  indebted  for  the  perfection  of  the  magneto- 
electric  apparatus,  and  the  development  of  its  extraordinary 

'  Specification  No.  9431  of  1S41. 
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power  as  an  electro-metallurgical  instrument."  One  of 
Woolrich's  machines  continued  in  use  at  Messrs.  Elkington's 
establishment  ^  for  over  20  years.  The  principle  of  separate 
excitation  of  the  field-magnets  by  a  battery  was  patented  by 
Wheatstone  and  Cooke  in  1845.  In  i860,  Walenn  again 
described  the  method  of  separate  excitation,  and  in  1862 
Monckton  stated  in  his  patent  specification  that  the  electro- 
magnets used  as  field-magnets  might  be  excited  by  a  battery 
or  other  known  source  of  currents.  Millward,  of  Birmingham, 
showed  that  if  a  magneto-electric  machine  were  employed  to 
excite  the  coils  of  a  larger  electro-magnet,  the  amount  of 
magnetism  in  the  latter  far  exceeds  that  of  the  magnets  in  the 
exciting  machine.  Wilde,  however,  was  the  first  to  construct 
machines  really  fitted  for  the  purpose,  when  he  adopted  the 
plan  (previously  proposed  by  Sinsteden)  of  concatenating  ma- 
chines. He  used  a  large  dynamo,  the  field-magnets  of  which 
were  separately  excited  by  currents  derived  from  a  smaller 
magneto  machine.  His  first  machines,  which  were  used  for 
many  years  by  Messrs.  Elkington,^  were  of  the  form  shown  in 
Fig*  6,  p.  14.  Both  armatures  were  of  the  old  shuttle-form, 
introduced  by  Siemens,  and  the  larger  one  required  to  be  kept 
cool  by  streams  of  water.  After  the  announcement  by  Siemens 
and  Wheatstone  of  the  invention  of  the  self-exciting  principle, 
in  1867,  Wilde  introduced  a  multipolar  machine  with  a  rectify- 
ing commutator.  Weston  introduced  a  small  machine  for 
nickel-plating  which  had  steel  cores  to  the  magnets  but  with 
main-circuit  coils  upon  them,  and  an  automatic  cut-off  to  break 
the  current,  to  prevent  the  magnetism  from  reversing  by  a 
back-current  from  the  bath.  Elmore  built  large  dynamos,  for 
copper  refining,  with  eighteen  electromagnets  in  each  crown, 
yielding  a  current  of  3000  amperes  at  a  potential  of  seven  to 
eight  volts.  Such  a  machine  would  deposit  over  25  lb.  of 
copper  per  hour.     The  field-magnet  coils  were  unfortunately 

*  See  also  Napier's  Manual  of  Electro- Metallurgy  {yd  ed.,  London,  1857). 

•  For  a  further  account  of  **  Wilde's  Magneto-electric  Machine,''  sec  Watt's 
EUctrodeposition  (1 886),  p.  25. 
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in  series  with  the  main  circuit.  All  electroplating  dynamos 
should  be  shunt-wound  or  they  are  liable  to  reverse  their 
polarity.  Gramme  in  1873  built  special  forms  of  very  low 
resistance  with  strip-wound  armatures  having  a  commutator 
at  each  end,  and  giving  1 500  amperes  at  8  volts.  Siemens 
and  Halske  also  were  early  in  the  field  with  machines  having 
bar  armatures,  which  they  employed  at  their  electrolytic  works 
at  Oker.^  Brush  also  constructed  large  machines  of  low 
resistance  for  electroplating  purposes.  These  machines  had 
coarse  wire  coils  connected  in  series,  and  a  shunt,  or  so-called 
**  teazer  "  coil,  of  finer  wire  to  maintain  the  magnetism  when 
the  main  circuit  was  opened  ;  thus  enabling  the  machine  to 
do  either  a  large  or  a  small  amount  of  work  without  fear  of 
reversing  the  current.  The  voltage  of  this  machine  varied 
only  from  3*3  to  4*1  volts,  whilst  the  current  varied  from 
300  amperes  to  zero. 

Other  dynamos  liave  been  designed  for  electroplating 
and  electro-metallurgical  work  by  nearly  all  the  important 
manufacturers. 

In  dynamos  for  such  purposes  the  requirement  of  large 
current  and  very  low  voltage  introduces  difficulties  into  the 
design,  for  the  voltage  cannot  be  obtained  low  enough  without 
having  either  very  few  convolutions  on  the  armature,  or  else 
a  weak  field-magnet  Machines  with  weak  magnets  give 
trouble  with  sparking.  Machines  with  few  massive  conductors 
and  few  parts  in  commutator  give  trouble  in  sparking,  and 
are  liable  to  heat  from  local  eddy-currents.  It  is  customary 
to  employ  several  independent  windings  (see  pp.  367  and  377), 
all  put  in  parallel  by  brushes  of  special  thickness. 

In  Chapter  X.  it  was  mentioned  that  the  drop  of  potential 
at  the  brush  due  to  contact-resistance  is  from  0*7  to  i  volt  at 
each  side,  or  from  I  '4  to  2  volts  on  the  whole  machine,  when 
carbon  brushes  are  used.  With  hard  carbons  this  figure  may 
even  be  exceeded.  Such  a  drop  would  be  serious  indeed 
in  the  case  of  low-voltage  machines,  such  as  are  used  for 
typing,  plating  and  nickeling.  Hence  for  such  machines 
copper  brushes  are  almost  always  used.     With  copper  brushes 

*  See  Eiektrotechnische  ZeiUchrift^  ii.  54. 
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the  drop  due  to  contact  resistance  is  only  about  O'J  on  each 
side,  or  0*6  volt  on  the  whole  machine. 

Sayers  has  proposed  an  ingenious  device  to  enable  currents 
to   be   taken    from   a   machine   at   various   voltages.       The 
pole  surfaces  are  subdivided  by  deep  nicks,  as  in  Fig.  447, 
thus  providing  several  neutral 
points  on  the   commutator  at 
which  brushes  may  be  placed 
without   sparking.      Thus,   for 
example,  whilst  the  potential 
between  the  two  main  brushes 
may  be   10  volts,  an   interme- 
diate brush  may  be  employed 
to   divide   this    into    7i    volts 
for  nickeling  and  2\  volts  for 
silverplating. 

Messrs.  Crompton  &  Co. 
have  devised  a  method  of  dividing  the  main  leads  between 
two  pairs  of  brushes  touching  adjacent  bars  of  the  commu- 
tator, and  are  thereby  enabled  to  construct  their  plating- 
machines  with  fewer  parts  in  the  armature.  The  divided 
leads  from  the  dynamo  to  the  plating-tanks  cost  no  more  than 
a  single  undivided  lead  would  do,  but  they  interpose  a  com- 
paratively large  resistance  in  the  path  of  the  local  current 
from  the  short-circuited  section. 

Some  stati.stics  relating  to  electro-metallurgy  will  be 
found  in  the  Appendix  to  the  present  Chapter. 

For  some  electro-metallurgical  processes,  dependent  only  on 
the  generation  of  heat  at  a  very  high  temperature,  alternating 
currents  may  be  used.  Amongst  such  processes  are  those  of 
the  production  of  calcium  carbide,  the  production  of  car- 
borundum, the  production  of  phosphorus,  and  the  produc- 
tion of  aluminium  alloys  in  the  Cowles  furnace.  But  for 
others,  involving  electrolysis,  the  currents  are  necessarily  con- 
tinuous. Thus  for  the  manufacture  of  aluminium,  of  sodium,  of 
bleaching  liquor,  ofchlorate  of  potash,  and  the  like,  as  well  as  in 
the  electrolytic  treatment  of  ores,  the  refining  of  copper,  and  all 
processes  for  the  deposition  of  metals,  including  typing  and 
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plating^,  continuous-current  dynamos  are  necessary.  For 
many  deposition  processes  in  particular  a  very  low  voltage 
is  required,  and  unless  the  depositing  vats  are  arranged  in 
series  the  voltage  of  the  dynamos  is  necessarily  very  low. 

The  machines  therefore  to  be  considered  in  this  chapter 
may  be  grouped  in  two  classes :  {a)  Electro-metallurgical 
dynamos  ranging  from  80  to  200  or  300  volts,  and  (b) 
Electrodepositing  dynamos  ranging  from  2  to  10  volts.  But 
to  these  must  be  added  dynamos  for  charging  batteries  of 
accumulators  for  lighting,  etc. ;  and  these  in  general  will  have 
the  same  voltages  as  for  direct  incandescent  lighting,  and 
indeed  differ  in  no  essential  from  ordinary  lighting  dynamos. 
The  dynamos  of  classes  {a)  and  {b)  differ  from  the  ordinary 
types  used  for  lighting  and  traction  in  having  to  carry  for  the 
same  kilowatt  capacityfa^very  much  larger  proportion  load 
of  amperes.  Compare  two  machines  of  1000  kilowatts,  one 
for  traction  at  550  volts,  the  other  for  aluminium  manufacture 
at  80  volts.  Though  requiring  equal  horse-power,  one 
must  carry  a  load  of  1818  amperes;  the  other  12,500  am- 
peres. 

To  collect  12, 500  amperes  from  a  dynamo  requires  extra- 
ordinary arrangements  of  commutator  and  brushes,  and  ob- 
viously, the  armature  copper  must  be  designed  with  a  total 
carrying  capacity  nearly  seven  times  as  great  in  the  second 
machine  as  in  the  first. 

The  manner  in  which  the  adaptations  of  design  necessary 
to  solve  this  problem  of  collecting  a  very  lai^e  current  gene- 
rated at  a  relativelyjlow  voltage  are  met  in  practice,  may  be 
studied  by  the  aid  of  several  modern  examples. 

For  the  special  purpose  of  the  aluminium  industry  several 
types  of  machines  have  been  developed.  Messrs.  Crompton 
&  Co.  built  a  very  large  2-polc  drum  machine,*  capable  of 
affording  5000  amperes  at  60  volts.  Mr.  C.  E.  L.  Brown' 
designed  for  the  Oerlikon  Works  some  6-pole  machines  for 
6000  amperes  at  20  volts  at  180  revolutions  pernriinute.  The 
armatures  have  each  two  separate  windings  with  a  commu- 

'  Electrician^  xxi.  590,  1888;  also  La  Lumiire  Electrique^  xxx.  207,  1888. 
•  La  Lumth'c  flkctrique^  xxx.  205,  1888  ;  Electrician^  xxi.  727,  1888. 
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tator  at  each  end,  and  at  each  commutator  36  brushes, 
arranged  in  six  sets  of  six  each.  The  field-magnet  is  like 
F'g-  I3»  but  with  six  poles,  and  cast  in  one  piece.  The 
armature  is  38  inches  in  diameter  and  24  inches  long.  The 
windings  were  at  first  embedded  in  holes  in  the  core-disks : 
but  as  troubles  arose  about  insulation,  the  core-disks  were 
turned  down,  and  the  armature  re-wound  with  external  con- 
ductors. Although  there  are  as  many  brush-sets  as  poles, 
rendering  cross-connection  of  the  windings  not  absolutely 
necessary,  yet  such  cross-connexions  are  added  to  ensure 
equalization  of  the  currents,  equipotential  segments  of  the 
commutator  being  internally  cross-connected  by  rings  with 
three  projecting  lugs.  Mr.  Brown  has  also  made  some  8-pole 
machines  for  an  output  of  14,000  amperes  at  30  volts. 

Broiviis  Electrolytic  Generator ,JiAYQ  8 — 480 — 250. — This 
machine,  illustrated  in  Plates  VII.  and  VIII.,  and  in  Figs.  403 
and  404,  is  fully  analysed  as  a  design  in  Chapter  XIX. 

The  Oerlikon  Machine  Works  has  •produced  many  suc- 
cessful machines  for  electrolytic  purposes.  For  the  use  of 
the  aluminium  industry  Mr.  C.  E.  L.  Brown,  at  that  time  its 
chief  designer,  designed  6-pole  and  8-pole  dynamos.  That 
depicted  in  Fig.  448  was  a  300  H.P.  machine  working  in 
the  aluminium  establishment  at  Neuhausen.  This  was  the 
first  dynamo  of  the  vertical  pattern  designed  to  run  upon  a 
water  turbine.  With  an  average  output  of  3000  amperes 
the  machine  runs  sparklessly.  The  mode  of  cross-con- 
necting each  part  of  the  ring-winding  to  the  two  points  of 
the  commutator  45°  distant  is  accomplished  by  bent  two- 
legged  strifes  of  copper,  as  shown,  serving  as  equalizers. 

Fig.  449  depicts  a  24-pole  vertical  shaft  dynamo,  designed 
in  1 891  for  the  aluminium  industry.  The  moving  armature 
weighs  12  tons,  and  revolves  at  150  turns  per  minute  ;  total 
height,  12 J  feet;  total  weight,  34^  tons.  Its  output  is 
7600  amperes  at  55  volts  ;  being  about  600  H.P.  To  collect 
this  current  there  are  24  ranks  of  brushes,  5  brushes  in  each 
rank,  equi-spaced  around  a  commutator  i'7  metres  in  dia- 
meter. The  commutator  is  below  the  armature,  which  is 
drum-wound,  having  stranded  conductors  laid  in  perforations 
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through  the  core-disks.  The  field-magnet  is  constituted 
of  a  crown  of  24  inwardly- pointing  poles  of  cast-iron; 
it  is  supported  upon  a  ring  of  masonry  exterior  to  the 
machine. 
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Oerlikon  Company s  Machittes, — A  large  electrolytic  gene- 
rator, furnished  by  the  Oerlikon  Company  to  the  Alunninium 
Works  at  Rheinfelden,  is  shown  in  Fig.  450.  In  this  machine 
MPC  32 — 560 — 55 — 80v — 7000a,  the  very  large  number  of 
poles  is  necessitated  by  the  very  large  output  and  slow  speed. 
To  collect  7000  amperes  with  32  brush-sets  implies  that  each 
set  must  carry  436  amperes.  The  armature  diameter  is  177 
inches,  the  length  of  its  core  16  •  2  inches,  making  the  Steinmetz 
coefficient  5  •  i.  The  pole-cores  are  cast  solid  with  the  yoke  of 
steel ;  no  pole-shoes  being  used.  The  armature  is  parallel- 
wound  with  32  parallel  circuits,  so  that  the  current  in  one 
conductor  is  225  amperes ;  the  end  connexions  at  both 
ends  of  the  armature  are  made  of  evolutes  terminating  in 
copper  segments,  held  exactly  as  the  segments  in  an  ordinary 
commutator  by  end-clamping  plates. 

This  construction  enables  a  set  of  equalizing  conductors 
to  be  added  at  the  commutator  end  of  the  armature,  as  shown 
in  the  figure.  There  are  544  slots  in  the  armature,  there  being 
two  conductors  per  slot,  each  conductor  having  a  cross- 
sectional  area  of  0*124  square  inch,  the  slots  being  0*885 
inch  in  depth  and  0*51  inch  wide.  The  commutator  is 
118  inches  in  diameter,  and  has  544  segments,  each  seg- 
ment being  13  inches  in  length;  it  is  bracketed  out  from 
the  armature  spider.  There  are  32  sets  of  brushes  with 
12  brushes  per  set.  The  field-bobbins  are  connected  in  two 
parallels  of  16  bobbins  in  series,  each  bobbin  having  175 
turns  of  copper  wire  0*374  inch  in  diameter,  wound  in  7 
layers  of  from  28  to  22  turns  per  layer.  The  flux  per  pole  at 
no-load  is  8*03  megalines. 

Fig.  451  shows  an  Oerlikon  generator  MP  6 — 285 — ^450— 
90  to  190  volts — 1500  amperes,  supplied  to  the  Volta  Electro- 
chemical Company  at  Rome.     See  also  Fig.  :9s,  p.  432. 

This  machine  has  cast-steel  poles  bolted  on,  the  pole-core 
and  pole-shoe  forming  a  single  casting.  The  poles  are 
slotted  radially  with  a  very  large  single  slot  about  4*7  inches 
long  and  1*97  inches  wide,  this  slot  being,  of  course,  pro- 
vided to  prevent  distortion  of  the  pole-face  flux,  this  pre- 
caution being  especially  necessary  in  this  machine,  owing  to 
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the  fact  that  very  heavy  currents  are  carried  per  unit  length 
of  periphery,  the  ampere-conductors  per  inch  periphery 
working  out  to  835  at  the  full-load  rated  output  of  i;oc 
amperes  ;  which  is  large  for  a  6-pole  machine.  The  yoke  is 
62^  inches  in  diameter  over  all;  the  armature  is  35^  inches 
in  diameter,  and  has  187  slots,  each  slot  being'i '44  inches 


Fic.  451.— OEKLrKON  Co.'s  6-pOLE  Electrolytic  Machinr. 

deep  and  o  258  inches  wide.  There  are  in  each  slot  two 
conductors  of  0093  square  inch  section,  the  current  through 
each  conductor  being  250  amperes,  there  being  thus  500 
amperes  to  be  collected  at  each  set  of  brushes.  The  arma- 
ture has  a  lap-drum  six-circuit  winding,  the  end  loops  of  the 
former-made  conductors  being  bent  down  and  held  in  place 
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by  an  end-clamping  shield.  The  commutator  is  21  inches  in 
diameter  and  of  very  massive  construction,  the  segments 
being  securely  held  at  both  ends  and  clamped  in  the  manner 
plainly  shown  in  Fig,  295,  p.  432,  which  gives  a  section  of  the 
whole  machine.  The  field-coils  have  each  600  turns  of  wire 
0"i89  inch  diameter  bare  and    0-204  '"ch   insulated     The 


Fig.  451.— Brush  Pilla 
El 

brush-gear  is  held  on  an  independent  support  rising  from 
the  bed-frame.  It  has  two  tangent  screws ;  one  to  shift  the 
rocker  ring,  the  other  to  raise  the  brushes  off  the  commu- 
tator simultaneously.     It  is  illustrated  in  Fig.  452. 

Plate  XIV,  illustrates  one  of  the  recent  electrolytic 
machines  of  the  Allgemeine  Elektrizitats  Gesellschaft  of 
Berlin,  at  work  at  Rheinfelden.     It  is  a  vertical  shaft  machine. 
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turbine  driven,  having  14  poles.     It  makes  63  revolutions  per 
minute,  and   gives  4300  amperes  at  130  to  140   volts.     To 


Fig.  453-— Thurv's  Electrolytic  Generator  :  Section. 

relieve  the  weight  on  the  lower  bearing  it  is  lubricated  with 
oil  at  a  pressure  of  about  17  atmospheres. 
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Tkury's  Electrolytic  Machines. — The  firm  known  as  La 
Compagnie  de  I'lndustrie  filectrique,  of  Geneva,  has  for 
many  years  constructed  lai^e  machines  for  power  and 
lighting  as  well  as  for  electrolytic  generators.      One  of  the 

latter,   MFC    12  —  ^■^2~[^) — -'^^  4000^,   is  depicted  in 

Figs.  453  and  454. 


Fig.  454.— Thlkv's  Electkolvtlc  Generator:  Plan. 

This  machine,  which  is  at  work  at  Ch^vres,  is  of  the  vertical 
type,  and  is  driven  by  a  1 200  horse-power  turbine  at  a  speed 
varying  from  go  to  120  revolutions  per  minute.  The  output 
is  4000  amperes  at  208  volts.  This  generator  has  the  yoke 
and  pole-pieces  of  the  pattern  peculiar  to  the  designs  of 
M.  Thury.      Each  shunt-bobbin  is  wound  with  448  turns  of 
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wire  of  33  sq,  mm.  section,  and  the  12  coils  are  connected 
as  usual  in  series.  The  armature  has  468  slots,  each  slot 
containing  one  conductor  of  120  sq.  mm.  section;  the  end 
connections  being  made  by  butterfly  connectors  of  140  sq.  mm. 
section. 

The  commutator  is  1000  millimetres  in  diameter,  has  234 
segments,  with  two  working  lengths  of  390  millimetres,  a  steel 
ring  being  shrunk  on  the  outside  surface  of  the  commutator 
at  its  middle  point,  to  guard  against  any  excessive  centrifugal 
strain  on  the  heavy  commutator  segments ;  this  ring  is,  of 
course,  adequately  insulated  from  the  surface  of  the  com- 
mutator. The  4000  ampere  current  is  collected  by  twelve 
sets  of  brushes,  each  set  consisting  of  24  carbon  brushes,  the 
24  brushes  being  again  subdivided  into  two  sets  of  twelve 
brushes. 

Thury  Electrolytic  Generator,  MP  12 — 350 — 250,  Fig.  455. 
This  is  one  of  Thury's  large  electrolytic  machines  designed 
for  an  output  of  5000  amperes  at  70  volts. 

This  generator  is  driven  by  a  turbine  on  a  horizontal  shaft 
running  at  250  revolutions  per  minute.  It  has  twelve  tangent 
poles,  of  the  well-known  Thuiy  pattern,  of  soft  iron  with  polar 
projections  or  pole  pieces  of  cast-steel ;  each  shunt  bobbin  has 
about  200  turns  of  wire  of  28  sq.  mm.  section,  and  the  twelve 
coils  in  series  have  a  total  resistance  of  i  •  2  ohms.  There  arc 
two  commutators,  each  delivering  2500  amperes  at  70  volts  ; 
the  two  commutators  are  always  connected  in  parallel,  thus 
giving  a  combined  output  of  5000  amperes.  A  slotted  ring 
winding  is  employed  with  two  independent  windings  in  the 
armature,  each  of  these  windings  comprising  228  conductors, 
one  conducter  per  slot,  there  being  thus  altogether  456  slcts  ; 
the  conductors  have  a  cross-sectional  area  of  67  sq.  mm.  The 
commutators  are  750  mm.  in  diameter,  each  having  228  seg- 
ments, the  useful  length  of  the  segments  being  480  mm.  There 
are  twelve  sets  of  brushes  for  each  commutator  with  15  carbon 
brushes  per  set. 

An  electrolytic  generator  by  Kolben  is  shown  in  Plat^ 
XXII. ;  it  is  an  MFC  18—400 — 100,  and  at  full-load  the 
output  is  3500  amperes  at  no  to  115  volts. 
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The  poles  are  cast  with  the  yoke,  the  material  being  cast- 
steel,  the  magnet-cores  are  circular,  and  cast -steel  pole-pieces 
are  screwed  on  after  the   field-spools   have  been  placed   in 


position.  The  field-spools  have  each  205  turns  of  wire  o-^i" 
in  diameter  bare,  the  full-load  exciting  current  varying  from 
73*4  to  77  amperes,  according  as  the  machine  is  working  at 
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I  lo  or  115  volts.  Thus  about  8J  kilowatts  are  used  in  excita* 
tion  or  about  2\  per  cent,  of  the  full  output.  The  mechanical 
construction  throughout  is  practically  identical  with  that  of 
the  lo-pole  Kolben  machine  described  on  p.  671  except  as 
regards  dimensions.  There  are  486  slots  in  the  armature :  in 
each  slot  lie  two  conductors  of  0-093  square  inch  in  section  ; 
each  conductor  having  to  carry  about  194  amperes,  the  current 
density  thus  working  out  to  about  2085  amperes  per  square 
inch  of  section. 

Plate  XXVI.  illustrates  a  machine  designed  by  Messrs. 
Alioth,  of  Basel,  for  electrolytic  purposes,  having  a  ring- 
winding  sunk  in  slots,  and  two  commutators,  for  collecting  the 


Fig,  456.— liDuv  Electro]'Lat]NG  Di'namo  :  2  kw. 

current  of  5000  amperes  at  82  volts.  This  is  MFC  12 — 
410 — 250.  The  armature  diameter  in  62J  inches,  the  length 
between  core-heads  15-8  inches.  There  are  312  slots,  each 
0*257  wide  by  0*95  deep,  and  each  containing  one  conductor 
of  dimensions  O"  158  thick,  by  0*790  broad.  The  gap  is  0*335 
inch.  The  length  of  magnet-core  is  9J  inches.  Each  com- 
mutator is  47-5  inches  in  diameter,  and  of  20  inches  working 
length:  e^ch  has  156  segments.  The  face-breadth  of  each 
segment  is  0-48  inch,  and  the  mica  interposed  is  33  mils  thick. 
The  two  windings  are  independent  of  one  another, 

The  Eddy  Manufacturing  Co.,  of  Hartford,  Connecticut, 
has  for  twenty  years  turned  out  e.'cccllent  small  machines  for 
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electroplating.  Fig.  456  depicts  one  of  these,  as  now  manu- 
factured by  the  General  Electric  Co.,  to  furnish  300  amperes 
at  5  volts. 

With  small  machines  the  commutator  is  disproportionately 
large.     Hence,  to  reduce  cost,  Mr.  E.  K.  Scott  recommends 


Fig.  457.— Westinohoise  Generator,  MPC  12—360—250, 

FOR  Copper-Refining. 


for  electroplating  the  interior-pole  type  of  machine  (p.  687) 
in  which  the  armature  bars  themselves  serve  as  commutators. 
Figs.  457  and  458  depict  a  Wcstinghouse  machine  of  360 
kilowatts  for  copper-refining.  It  gives  4000  amperes  at  90  volts, 
running  at  250  revolutions  per  minute.  It  stands  about  100 
1.  3  A 
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inches  high,  and  is  about  120  inches  in  length.     It  has  two 
commutators  to  enable  the  large  current  to  be  collected. 

A  two-commutator  machine  MFC  8 — 12 — 450 — 4„ — jcxWa 
constructed  by  the  Holtzer-Cabot  Co.,  of  Boston,  for  copper- 
refining  in  Mexico,  is  described  in  the  Electrical  World,  xxxviii. 
p.  479,  Sept  21,  1901. 


Fir,,  458.— Arhatire  of  West  in  chouse  Gesebator. 

A  steam  turbine-driven  generator  for  the  electrolylic 
manufacture  of  caustic  soda,  constructed  by  Messrs  C.  A. 
Parsons  &  Co,,  of  Newcastle,  was  described  in  Engineering, 
Oct.  l6th,  1896. 

DVXAMOS   FOR   AcCUMULATOR-Ch.\RGING. 

In  central-station  work  where  batteries  of  accumulators 
arc  used,  the  usual  practice  is  to  employ  shunt  dynamos 
capable  of  giving  25  or  30  per  cent,  higher  electromotive- 
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force  than  that  at  which  the  battery  is  to  discharge ;  and 
their  circuits  are  usually  arranged  so  that  the  mains  can  be 
supplied,  according  to  demand,  either  from  the  dynamos  and 
accumulators  together  in  parallel  at  the  time  of  maximum  load 
or  from  either  separately.     See  Chapter  XXIV.  on  Boosters. 

Whenever  dynamos  are  wanted  for  the  sole  purpose  of 
charging  accumulators,  it  is  better  to  design  them  specially 
so  that  their  magnets  are  not  too  highly  saturated  under 
working  conditions.  For  then,  during  charging,  when  the 
counter  electromotive-force  of  the  cells  gradually  rises,  the 
voltage  of  the  dynamo  also  rises  automatically,  instead  of 
remaining  nearly  constant  as  it  would  do  if  the  magnetism 
were  incapable  of  further  rise.  The  result  is  that  the  charging 
current  remains  more  nearly  constant  without  intervention  of 
an  attendant. 


APPENDIX   TO   CHAPTER   XXI. 

NUMERICAL  STATISTICS  ON  ELECTRO-METALLURGY. 

The  following  data  are  useful  for  reference  in  deciding 
what  the  electrical  capacity  of  a  dynamo  must  be  in  order 
that  it  may  deposit  metal  in  any  desired  quantity : — 

Copper. 

Current     i     ampere  deposits  0*000326  grammes    per  second. 
„     -     I  „  »        o'oi957  „  per  minute. 

„  I  ,>  »        1*1739  >,  per  hour. 

„      851*8      „  „        I  kilogramme  per  hour. 

„      386*4      „  „        I  pound  per  hour. 

To  deposit  lOO  lb.  of  copper  in  a  working  day  of  lo  hours  will  require 
3864  amperes  of  current  flowing  all  the  time ;  or,  if  conducted  in  ten  baths  in 
series  with  one  anothei,  will  require  386*4  amperes,  but  in  that  cse  the  dynamo 
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will  require  to  be  of  an  electromotive-force  ten  times  as  great  as  for  one  single 
large  bath.  If  electrolysb  of  the  crude  copper  solution  is  carried  on  with  carbon 
anodes,  there  will  be  required  about  i  *  2  volts  for  each  bath  in  series,  or,  at  most, 
15  volts  for  the  ten  baths. 

Stiver, 

Current  of      i      ampere  deposits  4*025  grammes  per  hour. 
„  1 12 '7       „  „        I  pound       per  hour. 


Gold. 

Current  of      i      ampere  deposits  2 '441  grammes  per  hour. 
„  185 '8     '„  „        I  pound       per  hour. 


Nickel, 
Current  of      i      ampere  deposits  i  *  099  grammes  per  hour. 
412*8       „  ,,        I  pound       per  hour. 


>? 


The  following  statistics  as  to  the  various  pressures  and 
currents  required  in  various  processes  of  electro-deposition  are 
useful  for  reference  : — 


Pressure  at  Terminals  required  for  Different 

Kinds  of  Baths. 


Copper  (acid  baths) 
„        (cyanide  bath) 

Silver 

Gold 

Brass 

Iron  (steel-facing) 

Nickel  on  iron,  steel,  copper,  with  nickel 
anode,  strike  deposit  with  5  volts,  dimin- 
ishing to  ..... 

Nickel  on  iron,  steel,  copper,  with  carbon 
anode       ...... 

Nickel  on  zinc    ..... 

Platinum  .         .         .         .         . 


Volts. 

0-5  to  1*5 

3       „    5 

0-5  n    4 
3       »    5 


>> 


i'3 


1*5 

2 
4 
5 


,y  4 
„  7 
„    6 
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Current- Density  for  Proper  Deposit. 


Copper  Typing — 

Amperes  per 
100  sq.  in. 

Best  quality  tough,  deposit  . 

• 

1-5  to 

4 

Good  and  tough  (for  cliches) 

.         4        „ 

10 

Good  solid  deposit    . 

•       10        „ 

25 

Solid  deposit,  sandy  at  edges 

.      25        „ 

40 

Sandy  and  granular  deposit 

.      50        » 

100 

Copper  (cyanide  bath) 

2          „ 

3 

Zinc  (for  refining) 

2          „ 

3 

Silver 

X          „ 

3 

Gold         .... 

0-5    » 

I 

Brass       .... 

3       „ 

3-5 

Iron  (steel-facing) 

0-5  „ 

T-5 

Nickel  at  first  deposit  9  to  10 

amperes 

per    100    square    inches,    diminishing 

afterwards  to    . 

• 

• 

I 

2 
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CHAPTER  XXII. 

ARC-LIGHTING   DYNAMOS,   AND   RECTIFIERS. 

In  cases  where  lighting  is  to  be  done  exclusively  by  arc  lamps 
in  great  numbers,  it  is  usual  to  arrange  the  lamps  all  in  series^ 
even  to  as  many  as  100  to  200  lights,  and  to  provide  a 
dynamo-machine  which  will  give  a  constant,  or  nearly 
constant,  current  at  a  sufficiently  high  voltage.  The  usual 
current  for  which  arc  lamps  are  designed  is  10  amperes. 
Some  lamps  are  designed,  however,  for  8  or  6  amperes,  and 
some  for  4  amperes.  These  are  therefore  exceptions.  On 
the  other  hand,  the  arc  lamps  used  for  search-lights  and 
lighthouse  work  are  designed  to  take  larger  currents,  up  to 
200  amperes  or  more.  With  continuous-currents  arcs  cannot 
be  maintained  burning  steadily  unless  they  are  fed  at  a 
pressure  of  about  40  to  45  volts  for  each  lamp.  If  the 
pressure  is  insufficient,  the  arcs  will  be  unstable  and  give  out 
a  hissing  sound.  The  steady  arc  behaves  as  though  it 
exercised  a  counter  electromotive-force  of  about  39  volts. 
When  arc  lamps  are  to  be  used  in  parallel  with  one  another, 
the  mains  must  have  a  greater  difference  of  potential  than 
45  volts — 55  or  60  volts  is  preferable — in  order  that  additional 
resistances  may  be  introduced  to  steady  the  currents  through 
each  lamp.  Such  additional  resistances  are  not  necessary 
when  a  number  of  arc  lamps  are  used  in  series,  as  they  help  to 
steady  one  another.  The  great  advantage  in  the  series  arrange- 
ment is  the  saving  in  copper  thereby  effected.  Alternate- 
current  arcs  only  need  a  pressure  of  30  to  33  virtual  volts. 

In  arc-lighting  in  series,  the  function  of  the  dynamo  is  to 
keep  the  amperes  constant,  no  matter  how  many  or  few  lamps 
are  in   circuit;   whilst   each   lamp  is  provided  with  a  shunt 
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device  which  governs  the  movement  of  the  carbons,  so  that 
the  feeding  of  them  shall  keep  the  length  of  the  arc,  and  the 
volts  at  the  terminals  of  the  lamps,  approximately  constant. 

We  may  take  it,  therefore,  that  a  system  of  20  arcs  in 
series  will  require  a  dynamo  giving  a  current  of,  say,  10 
amperes,  and  a  pressure,  when  all  the  lamps  are  in  use,  of 
nearly  icoo  volts.  This  allows  45  volts  per  lamp,  and  5  volts 
more  for  driving  the  current  through  the  resistance  of  the 
wires  between  each  lamp  and  the  next. 

It  was  suggested  by  Deprez  in  1881,  that  by  a  species  of 
compound  winding,  consisting  of  an  initial  excitation  and  a 
shunt  excitation  combined,  a  dynamo  might  be  constructed 
to  give  a  constant  current  at  constant  speed.  The  assump- 
tion which  underlay  his  reasoning,  that  the  magnetism  is 
proportional  to  the  exciting  power,  is,  we  know,  not  justified 
except  for  the  early  and  unstable  stage  of  magnetization  ; 
all  attempts  to  produce  a  practical  compound  winding  for  this 
purpose  have  therefore  failed. 

For  the  production  of  constant  currents  at  such  high 
voltages  as  2000  to  3000  volts  the  ordinary  ring  and  drum 
armatures,  wound  in  a  closed  coil,  in  numerous  sections,  and 
provided  with  a  commutator  consisting  of  numerous  closely- 
packed  parallel  bars,  have  not  been  found  entirely  satisfactory, 
for  the  commutator  of  this  type  is  liable  to  give  way  under 
the  high  pressure,  and  to  deteriorate  under  the  action  of  long 
sparks  flashing  over  its  surface  from  brush  to  brush  under  the 
wide  alterations  of  lead  that  are  inseparable  with  this  mode 
of  working.  Nevertheless,  good  results  have  been  obtained 
by  several  firms  (see  p.  752)  in  the  use  of  high  voltages  in 
machines  having  ordinary  commutators  with  many  segments. 
Experience,  however,  is  in  the  main  against  the  use  of  arma- 
tures of  this  type.  More  simple  forms  are  needed  that  will 
not  break  down  under  the  conditions  of  work.  These  forms 
are  usually  associated  with  other  modes  of  construction  in 
which  the  armature  winding  does  not  constitute  a  closed  coil. 
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Oi'EN-coiL  Dynamos. 

As  explained  on  p.  53,  it  is  possible  to  construct  armatures 
in  which  the  separate  coils  or  sections  of  the  windings  are 
not  united  together  in  one  closed  circuit.  An  example  is 
given  in  Fig.  459.  This  diagram  (which  should  be  compared 
with  Fig.  26,  p.  50)  shows  an  armature  consisting  of  two 
separate  loops,  set  in  planes  at  right  angles  to  one  another, 
so  that  when  one  is  passing  through  the  inactive  region  the 
other  is  in  the  position  of  maximum  action.  There  is  no 
rea.son  why  these  two  loops  should  not  have  each  a  separate 
2-part   commutator  like  that    of  Fig.  26  ;    and  one  pair   of 


brushes  might  press  on  both  commutators.  It  is,  however, 
obviously  more  convenient  to  unite  these  two  commutators 
into  a  single  one  of  four  parts,  as  in  Fig.  459 ;  and  then  it 
will  at  once  be  seen  that  as  this  rotates  between  its  pair 
of  brushes  one  loop  only  will  be  in  action  at  once,  the  other 
loop  being  cut  out  of  ciicuit  for  the  time  being.  It  would 
clearly  be  possible  to  arrange  any  number  of  loops  or  coils 
in  this  way  so  that  only  that  loop  or  coil  which  was  passing 
through  the  position  of  maximum  action  should  be  feeding 
the  brushes,  all  the  rest  being  meantime  open-circuited.  A 
ring  armature  wound  in  sections  might  of  course  be  similarly 
arranged,  so  that  the  jiairs  of  sections  have  each  a  separate 


Arc-Lighting  Dynamos y  and  Rectifiers,       729 

commutator  ;  and  Fig.  460  (which  should  be  compared  with 
Fig.  33,  p.  51)  shows  such  a  ring,  but  with  the  two  commuta- 
tors cut  down  and  formed  into  a  4-part  collector. 

It  will  be  noticed  that  each  coil  is  joined  at  the  back  to 
the  one  diametrically  opposite  to  it,  and  that  the  front  ends 
of  the  coils  pass  to  the  commutator.  As  a  matter  of  fact,  it 
would  make  no  difference  in  either  of  these  armatures  were 
the  wire's  which  cross  at  the  back  all  united  where  they  meet 

It  will  be  seen  that  the  position  of  the  brushes  with  respect 
to  the  position  of  maximum  action  will  not  be  the  same  as  in 
the  case  of  a  closed-coil  winding.  In  a  closed-coil  winding  the 
diameter  of  commutation  is  near  the  coils  of  minimum  action. 


P'iG.  461. — Diagram  of  Open-Coil  Armature. 

With  open-coil  armatures  the  current  is  led  directly  from  the 
coils  of  maximum  activity. 

The  current  might  be  simultaneously  collected  from  more 
than  one  coil  at  once,  either  (l)  by  making  the  pieces  of  the 
commutators  overlap,  or  (2)  by  connecting  to  the  brushes  that 
touch  on  the  line  of  maximum  activity,  another  pair  having 
either  a  forward  or  a  backward  lead.  If  we  now  consider. 
Fig.  461  we  shall  see  this  a  little  more  clearly.  This  figure 
is  a  diagram  of  such  an  armature,  the  coils  or  loops  being 
here  represented  merely  by  wavy  lines. 

The  wavy  line  A  C  may  represent  either  a  pair  of  coils 
such  as  there  are  in  Fig.  460  on  the  ring,  or  may  represent 
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a  single  loop  or  group  of  windings  round  a  drunu  There 
is  a  pair  of  commutator-plates  for  A  C,  and  another  at  right 
angles  for  B  D.  Coils  A  and  C  are  just  coming  into  the 
position  of  best  action  shown  by  the  line  m  m  ;  they  are 
delivering  a  current  to  the  brushes  P  P',  and  this  current 
will  accordingly  increase  a  little,  and  then  decrease  again. 
Meantime  coils  B  and  D  are  idle.  If  the  four  parts  of  the 
compound  commutator  each  occupy  just  a  quarter  of  the 
circumference,  it  is  clear  that  when  A  comes  into  action  its 
plane  makes  an  angle  of  45^  with  m  m\  and  that  just  as 
it  leaves  contact  with  the  brush  it  makes  again  an  angle  of 
45'  on  the  other  side,  being  in  contact  in  all  intermediate 
positions ;  and  so  with  each  coil  as  it  passes  the  brushes. 
There  will  be  a  momentar}'  break  of  current  and  a  spark 
as  the  two  successive  segments  pass  under  the  brush,  unless 
the  brush  touches  both  at  once.  Remembering  that  Fig.  31, 
p.  51,  represents  the  alternating  electromotive- force  from 
a  single  loop  or  pair  of  coils,  and  that  Fig.  32  repre- 
sents the  same  electromotive-force  rectified  by  the  use  of  a 
simple  2-part  commutator,  we  shall  be  able  to  represent 
the  effect  of  our  new  arrangement  by  some  such  diagram 
as  Fig.  462.  The  angles  marked  below  are  reckoned  from 
the  neutral  line  n  n.  When  coil  A  has  gone  round  90°  from 
this  position,  it  is  in  the  position  of  maximum  induction: 
but  because  segment  A  of  the  commutator  is  itself  90'  in 
breadth,  the  current  will  be  collected  from  45°  to  135^ 
The  shaded  portions  of  the  curve  show  the  discontinuous 
effect  due  to  the  coils  A  and  C  coming  into  circuit  during 
two  quarters  of  the  rotation.  The  coils  B  and  D  come  in 
in  the  intervals  as  indicated  by  the  dotted  lines.  The 
induced  currents  will  therefore  present  an  approximate  con- 
tinuity depending  on  the  arrangements  of  the  commutator 
and  the  brushes.  Fig.  463  represents  the  effect  if  there  were 
gaps  between  the  segments  and  the  commutator ;  and  it  will 
be  noticed  that  the  electromotive-forces,  though  all  of  the 
same  sign,  are  discontinuous.  If  the  brushes  thus  left  contact 
with  one  segment  of  the  commutator  before  the  next  come  into 
contact  there  would  inevitably  be  a  considerable  amount  of 
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sparking,  since  the  circuit  would  be  entirely  broken  at  such 
times.  Fig.  464  shows  the  result  of  making  contact  with 
one  set  before  the  other  set  is  cut  out  ;  the  induced  electro- 
motive-force being  now  continuous,  but  with  undulating 
fluctuations  of  strength.  During  the  time  when  both  sets  of 
coils  are  in  contact  with  the  brushes,  they  are,  of  course,  in 
parallel  with  one  another.  During  this  stage  of  the  action 
the  resistance  of  the  armature  is  half  as  great  as  when  one  of 
the  coils  is  cut  out ;  but  it  is  necessary  to  cut  out  the  idle 
coil,  othenvise  some  of  the  current  from  the  active  coil  would 
flow  back  uselessly  through  the  idle  coil  that  was  in  parallel 
with  it.     During  the  time  when  the  two  sets  of  coils  are  in 
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Fig.  464. 


CvRVEs  Illustrating  the  Production  of  Currents  by 
using  an  Open-coil  4-part  Armature. 


parallel  they  are  not  equally  active.  The  induced  electro- 
motive-force is  increasing  in  one  and  diminishing  in  the 
other ;  there  is  but  a  moment  when  they  are  equally  active 
— when  they  make  equal  angles  with  ;// ;;/'.  At  all  other 
moments  the  higher  electromotive-force  of  the  more  active 
coil  tends  to  send  a  back-current  through  the  less  active  coil. 
This  is  to  a  certain  extent  opposed  by  the  self-induction  of 
the  less  active  coil,  and  if  contact  is  broken  just  at  the  moment 
when  the  higher  electromotive-force  has  reduced  the  current  in 
the  less  active  coil  to  zero,  the  commutation  will  be  sparkless. 
From  what  has  now  been  said,  it  will  be  clear  that  open- 
coil  armatures  may  be  constructed  either  as  rings,  drums,  or 
disks.     They  may  be  arranged  to  run  either  in  a  bipolar  or 
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in  a  multipolar  magnetic  field.  The  principal  dynamos  con- 
structed upon  this  plan  are  the  Brush  machine  and  the 
Thomson-Houston  machine  ;  but  there  are  a  few  others  which 
also  come  within  the  category  of  open-coil  dynamos. 

Bruslis  Dynamos. — One  of  the  best  known  of  these 
machines  is  the  Brush  dynamo  (Fig.  465).  The  magnet  heads 
are  insulated  with  sheets  of  vulcanized  fibre,  thoroughly 
varnished.  The  cores  are,  however,  first  surrounded  with 
a  thin  sheet  of  copper,  soldered  together  at  the  edges  so  as 
to  form  a  continuous  tube  or  envelope.  The  object  of  this 
copper  coating  is  to  deaden  or  damp  out  sudden  variations  of 
magnetism  of  the  iron  cores.  Over  the  copper  envelopes  are 
wound  four  or  five  thicknesses  of  very  heavy  paper  saturated 
with  shellac  varnish  to  insulate  the  wire  from  the  iron.  In 
some  of  the  Brush  dynamos  there  is  a  double  winding,  a  shunt 
or  "teazer  "  circuit  being  added  to  maintain  the  magnetism 
of  the  field-magnets  when  the  main  circuit  is  opened.  An 
automatic  regulator,  consisting  of  a  carbon  rheostat  connected 
as  a  shunt  to  the  magnet  winding  and  operated  by  a  solenoid 
in  the  main  circuit,  is  applied  to  keep  the  current  constant 
(see  Chapter  XXVI.). 

The  armature  has,  like  the  Pacinotti  ring,  projecting  teeth 
between  the  coils,  but,  unlike  that  early  form  of  armature,  the 
successive  sections  are  not  connected  in  a  closed  circuit. 

The  ring  is  built  up  of  a  thin  iron  ribbon  I  •  5  millimetres 
thick.  Fig.  466  shows  its  construction,  though  in  reality 
a  larger  number  of  pieces  of  thinner  iron  than  is  shown  are 
used.  The  ribbon  is  wound  upon  a  circular  foundation  ring 
A',  projecting  cross-pieces  of  the  same  thickness  (marked  H) 
being  inserted  at  intervals  to  separate  the  convolutions, 
admit  of  ventilation,  and  form  suitable  projections  between 
which  to  wind  the  coils.  It  is  secured  by  well-insulated 
radial  bolts.  All  iron  parts  which  are  to  adjoin  the  wire  of 
the  "  bobbins  "  are  covered  first  with  a  layer  of  strong  heavy 
canvas  saturated  with  shellac  varnish,  and  in  the  case  of 
the  armatures  of  the  larger  machines  there  are  additional 
layers  of  tough  paper  saturated  with  shellac  varnish.  A  sheet 
of  strong  cotton  cloth  inserted    occasionally  separates   con- 
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tiguous  layers  of  wire  from  each  other  both  in  the  armature 
bobbins  and  in  the  coils  of  the  field-magnets.  All  the  bobbins 
are  wound  by  hand,  in  the  same  direction,  and  the  inner  ends 
of  diametrically  opposite  bobbins  are  soldered  together,  and 
carefully  insulated  from  all  other  wires  and  adjacent  metal. 
The  free  outer  ends  of  each  pair-  of  bobbins  are  separately 
carried  through  a  boring  in  the  shaft,  and  connected  to  dia- 
metrically opposite  segments  of  the  commutator. 

For  each  pair  of  coils  there  is  a  separate,  commutator. 
In  the  No.  8  L  size  of  machine,  which  is  depicted  in  Fig.  465, 
there  are  12  coils  on  the  armature,  six  commutators  grouped 


Flu.  466.— CoRi;  OF  BKL-riH  Ring. 

in  three  pairs,  and  three  sets  of  brushes.  This  size  is  com- 
monly known  as  a  "  60-light "  machine.  Its  electromotive 
force  at  a  speed  of  800  revolutions  per  minute  is  3000  volts. 

In  considering  the  method  in  which  the  coils  are  joined  up 
to  the  commutator,  v/e  will  take  the  case  of  an  8-coiI 
armature  with  the  commutators  grouped  in  two  pairs  ;  it  will 
then  be  easy  to  extend  the  method  to  the  case  of  a  twelve- 
coil  machine. 

Continuity  is  obtained  in  the  currents  by  making  the  two 
parts  of  the  commutator  of  each  pair  of  coils  overlap  those  of 
the  commutator  belonging  to  the  pair  of  coils  that  is  at  right 
angles,    one    pair    of  brushes  resting  on  both  commutators 
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Fig.  467  is  a  dii^ram  illustrating  this  device.     Each  pair  of 
segments  overlaps  the  other  to  the  extent  of  45^     Each  of  the 


Fig.  467,— 1'air  ok  Oveblapi'Isg  Commutators. 

two  pairs  of  coils  is  thus  cut  out  twice  during  a  revolution  ; 
it  is  twice  in  circuit  alone,  as  when  the  brushes  are  at  AA, 
and  four  times  in    circuit   along    with   the   pair  that   is   at 


right  angles,  when  the  brushes  are  at  B  B'.     Fig.  468  shows 
in  perspective  the  commutator  of  an  8-coil  Brush  armature. 


736  Dynamo-Electric  Machinery. 

There  are  really  four  commutators  here,  corresponding  to  the 
four  pairs  of  coils,  grouped  in  pairs  ;  one  pair  of  commutators 
being  set  one-eighth  ofa  rotation  (45'')  in  advance  of  the  other. 
It  will  be  seen  from  this  figure  that  while  the  brushes  A  A 
(shown  in  dotted  lines)  are  receiving  current  from  one  pair  of 
(xils  only,  the  brushes  B  B'  are  at  the  same  instant  receiving 
the  current  from  t'<L'o  pairs  of  coils  which  are  joined  in  parallel 
with  one  another  in  consequence  of  both  of  their  commutators 
touching  the  same  pair  of  brushes.  The  arrangement  may 
be  still  further  studied  by  the   aid  of  Fig.  469,  which  also 


Fic:,  469.— Cox  SEX  IONS  of  Brh^k  Dvsaui'. 


illustrate.';  the  way  of  connecting  the  brushes  with  the  circuit. 
In  this  figure  the  eight  coils  are  numbered  as  four  pairs,  and 
each  pair  has  its  own  commutator,  to  which  pass  the  outer 
ends  of  the  wire  of  each  coil,  the  inner  ends  of  the  two  coils 
being  united  across  to  each  other  (not  shown  in  the  diagram). 
In  the  actual  machine,  each  pair  of  coils,  as  it  passes  through 
the  position  of  least  action  (1.  e,  a  position  somewhat  past 
the  vertical  dotted  line  midway  between  the  poles  (Fig.  469) 
and  when  the  number  of  magnetic  lines  passing  through  it  is 
a  viaximum,  and  the  rate  of  change  of  these  magnetic  lines 
a  viinimtim)  is  cut  out  of  connexion.     This  is  accomplished 
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by  causing  the  two  halves  of  the  commutator  to  be  separated 
from  one  another  by  about  one-eighth  of  the  circumference  at 
each  side.  In  the  figure  it  will  be  seen  that  the  coils  marked 
I,  I,  are  *'cut  out."  Neither  of  the  two  halves  of  the. com- 
mutator touches  the  brushes.  In  this  position,  however,  the 
<x>ils  3,  3,  at  right  angles  to  1,  i,  are  in  the  position  of  best 
action,  and  the  current  powerfully  induced  in  them  flows 
through  them  from  the  brush  marked  A  (which  is,  therefore, 
the  negative  brush)  fo  that  marked  A'.  This  brush  is  connected 
across  to  the  brush  marked  B,  where  the  current  re-enters  the 
armature.  Now,  the  coils  2,  2  have  just  left  the  position  of 
best  action,  and  the  coils  4,  4  are  beginning  to  approach  that 
position.  In  both  these  pairs  of  coils,  therefore,  there  will  be 
a  rather  weaker  electromotive-force.  The  current  on  passing 
into  B  splits,  part  going  through  coils  2,  2,  and  part  through 
4,  4,  reuniting  at  the  brush  B',  whence  the  current  flows  round 
the  coils  of  the  field-magnets  to  excite  them,  and  then  round 

the  external  circuit,  and  back  to  the  brush  A. 

.  .  .  *** 

Thus  the   coils   in  which  there   is   a  maximum  .^lectro- 

motive-force   are  joined   in   series  with   coils   in   which  the 

electromotive-force  is  weaker,  though  by  a  method  diiBTerent 

from  that  employed  in  a  closed  winding  armature.     As  the 

armature  rotates,  coils  4, 4  come  to  the  position  of  maximum 

electromotive-force,  and  they  are  then  in  series  with  coils  i,  i 

and  3,  3,  so  that  the  electromotive-force  of  the  machine  varies 

very  little  with  the  change  of  the  position  of  the  coils.     In 

some  machines  it  is  arranged  that  the  current  shall  go  round 

the  field-magnets,  after  leaving  brush  A',  and  before  entering 

brush  B. 

The  following  table  summarises   the  successive  order  of 

connexions  during  a  half-revolution  :— 

First  position,     (Coils  i,  i  cut  out.) 

A  —  3  —  A' ;  B<^       ^  B'  j  Field-magnets  —  Extemal  circuit  —  A. 

Second  position,     (Coils  2,  2  cut  out.) 

A<^      ^  A' ;  B  —  4  —  B' ;  Field-magnets  —  Extemal  circuit  —  A. 

I.  3  B 
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Third  position,     (Coils  3,  3  cut  out.) 

A  —  I—  A';B^       /B';  Field-magnets  —  External  circuit  —  A. 

Fourth  position,     (Coils  4,  4  cut  out.) 

'  k/     y  ^*f  B  —  2  —  B' ;  Field-magnets  —  External  circuit  —  A. 

By  rocking  the  brushes  foru^ard,  a  point  can  be  found  at 
which  the  sparking  is  reduced  to  a  minimum. 

From  the  foregoing  considerations,  it  will  be  clear  that  the 
four  pairs  of  coils  in  the  Brush  machine  really  constitute  four 
separate  machines,  each  delivering  alternate  currents  to  a 
commutator,  which  commutes  them  to  intermittent  unidirec- 
tional currents  in  the  brushes ;  and  that  these  independent 
machines  are  ingeniously  united  in  pairs  by  the  device  of 
letting  one  pair  of  brushes  press  against  the  commutators  of 
two  pairs  of  coils.  Further,  that  these  paired  machines  are 
then  connected  in  series,  by  bringing  a  connexion  round  from 
brush  A'  to  brush  B. 

In  the  i2-coil  machine  (Fig.  466)  there  are  three  i>airs  of 
commutators ;  the  segments  of  each  pair  are  joined  to  four 
coils  at  right  angles  to  each  other,  and  the  pairs  are  mounted 
on  the  shaft  so  that  the  first  pair  joined  to  coils  1,4,  7  and  10 
has  a  lead  of  30°  in  advance  of  the  second  pair  joined  to 
coils  2,  5,  8  and  11,  and  the  third  pair  joined  to  coils  3,6, 
9  and  12  has  a  lag  of  30°  behind  the  second  pair.  The  way 
the  brushes  are  connected  up  in  series  is  shown  in  Fig.  470. 

Multipolar  Brush  machines  are  now  made  to  be  driven 
direct  from  the  engine  shaft.  At  the  station  of  the  Mutual 
Electric  Light  and  Power  Co.,  Chicago,  there  are  three 
machines  driven  direct  by  Willans  engines  at  500  revolutions 
per  minute.  Each  machine  is  capable  of  lighting  125  arc 
lamps  in  series.  The  automatic  regulator  regulates  so  closely 
that  any  number  of  these  lamps  may  be  thrown  off  and  on 
with  impunity.  The  armature  of  these  machines  is  39  inches 
in  diameter  and  has  24  coils,  that  is  six  sets  of  four  coils  each. 
All  the  coils  in  any  one  set  are  in  the  same  position  relatively 
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to  the  four  poles,  and  are  joined  in  series  just  as  two  coils  are 
joined  in  series  in  a  two-pole  machine.  The  connexions  to 
the  commutators  are  on  exactly  the  same  principle  as  in  the 
case  of  the  1 2-coil  armature  considered  above,  with  this  modi- 
fication, that  a  difference  of  position  of  45°  on  the  armature 
corresponds  to  a  difference  of  90^  in  the  2-pole  machine. 
Each  of  the  three  portions  of  the  commutator,  therefore, 
consists  of  eight  sections,  instead  of  four  sections  ;  the  sections 
that  are  diametrically  opposite  being  interconnected. 

An  interesting  example  of  a  modern  Brush  arc-lighter  is 
shown  in  Figs.  471  and  472.  This  machine  has  an  output 
of  76*8   kw.   at  500  revolutions   per  minute    and  serves  to 


Fig.  470.— Connexions  of  a  12-coiL  Brush  Dynamo. 


supply  one  hundred  and  sixty  2000  candle-power  arc-lamps. 
The  lamps  are  arranged  \\\  four  separate  circuits  each  of 
which  is  supplied  from  one  of  the  four  double  commutators  to 
be  seen  in  the  illustrations.  Eight  coils  are  connected  to  each 
of  these  double  commutators,  which  are  provided  with  eight 
segments.  It  will  be  seen  that  the  eight  coils  form  virtually 
two  armatures  of  four  coils  each,  the  four  coils  being  all  in  the 
same  relative  position  in  the  field  and  being  always  connected 
in  series.  Each  of  the  two  four-coil  armatures  is  successivelv 
put  in  i  parallel  with  its  fellow,  cut  out  of  circuit,  put  in 
parallel,  and  put  to  work  alone  on  the  circuit  when  the  cycle 
of  operations  recommences. 

The  illustrations  show  two  rings  for  lubricating  each  bearing 

3  B  2 
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and  the  details  of  the  thrust  bearing  at  the  commutator  end 
which  has  six  grooves.  The  automatic  regulator  is  shown 
very  clearly  in  Fig.  471. 


Some  elaborate  tests  on  Brush  dynamos,  with  two  different 
patterns  of  armature,  were  made*  in  1889  by  Mr.  Murray  of 
Melbourne.     These   show   commercial   efficiencies   of  about 

'  Jeurnal  Im!.  Elfilriral  E«^nrtrs,  ivii.  710,  Not.  1889. 
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69-8  per  cent,  in  machines  with  core-plates  0"05  inch  thick, 
and  of  about  78  per  cent,  in  those  with  core-plates  0'022  inch 


Fin.  472.— Brush  4-roLE  Arc  LrcHTF.R  (Top  Rhmoved). 
thick.     The  vahies  of  B  attained  were  about  4800  in  field- 
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magnet  cores  and  27,000  in  the  armature  cores.     The  fluctua- 
tions of  the  current  were  about  i  *  5  per  cent. 

For  further  tests  see  Thurston  in  Journal  of  Franklin  ImtifiUe, 
Oct.  1886.  Consult  also  a  small  ^'olumc,  '  Electrical  Engineers'  and 
Students'  Chart  and  Handbook  of  the  Brush  Arc  Light  System,' 
bj'  H.  C.  Reaga.n,  jun.  (New  York,  1895). 

Tlwmson^ Houston  Dynamo.  —  This  machine,  which  is 
equally  remarkable,  was  designed  by  Professors  Elihu 
Thomson  of  Lynn  and  Edwin  J.  Houston  of  Philadelphia. 
It  is  unique  in  having  a  spherical  armature  with  a  3-part 
commutator  revolving  between  the   cup-shaped   poles  of  ao 


introverted  field-magnet.  As  will  be  seen  from  Fig.  473,  the 
field-magnet  core  consists  of  two  flanged  iron  tubes  furnished 
at  their  inner  ends  with  hollow  cups  cast  in  one  with  the 
tubes,  and  accurately  turned  to  receive  the  armature. ,  Upon 
the  tubes  are  wound  the  coils  C  C,  and  afterwards  the  two 
parts  are  united  by  meansof  a  number  of  wrought-iron  bars  *<*, 
which  constitute  the  yoke  of  the  magnet  and  at  the  same 
time  protect  the  coils.  The  magnets  are  carried  on  a  frame- 
work, which  also  supports  the  bearings  for  thearmature  shaft  X. 
The  original  form  of  the  armature,  shown  in  Fig.  473,  had  a 
very  remarkable  winding.     There  were  but  three  coils.     The 
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inner  ends  of  these  were  united  together  and  not  connected  to 
any  other  conductor.  The  three  wires  were  then  wound  over 
an  iron  shell  in  three  sets  of  windings  making  120^  with  one 
anotlier,  and  arranged  to  be  at  equal  average  distances  from 
the  core,  while  their  overlapping  made  the  external  form 
nearly  spherical.  The  later  ring  armature,  Fig.  474,  has  si.\ 
groups  of  coils  arranged  in  three  pairs.  The  three  pairs  are 
themselves  connected  star-wise,  having  a  common  junction 
for  three  of  their  ends,  the  three  other  ends  of  the  wires  being 
brought  down  through  the  hollow  shaft,  and  joined  to  the  three 
segments  of  the  commutator.    The  coils  are  replaceable  singly. 


When  this  armature  is  rotated  within  the  cavity  between 
the  cup-shaped  poles  alternate  currents  are  generated  in  each 
coil  in  turn,  and  it  now  remains  to  consider  how  these  alternate 
inductions  arc  rectified  and  combined  by  the  commutator. 
In  the  diagrams  which  follow,  the  rotation  is  represented  as 
left-handed,  as  viewed  from  the  commutator-end  of  the  shaft 
as  it  is  in  practice.  Fig.  475  represents  the  arrangement  in 
diagram.  The  three  coils  represented  diagramatically  by 
the  three  lines  ABC,  are  united  at  their  inner  extremities, 
each  outer  end  being  led  to  one  segment  of  a  3-part  com- 
mutator.    There  are  two  positive  brushes  P  and  F,  and  two 
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negative  brushes  P'  and  F'.  The  current  delivered  to  P  and 
F  first  flows  round  one  of  the  field-magnets,  thence  goes  to 
the  outer  circuit  of  lamps,  returning  through  the  other  field- 
magnet  to  P'  and  F'.  In  Fig.  475,  in  which  the  neutral  line  is 
at  right  angles  to  m  m\  there  will  be  an  outward  current  in  A 
and  an  inward  one  in  C  ;  B  being  for  the  moment  cut  out  of 
circuit  as  it  passes  through  the  neutral  position.  Continuity- 
is  obtained  by  the  device  mentioned  on  p.  731,  of  having  the 
second  pair  of  brushes  F  F'  following  the  pair  P  P'.  In  this 
position  of  the  armature  A  and  C  make  about  equal  angles 
with  the  line  of  maximum  action  m  in  ^  hence  the  two  electro- 
motive forces  in  these  coils  are  for  the  moment  about  equaU 


Fig.  475. — Commutator  and  Circuit  of  Thomson -Houston  Dynamo. 


but  that  in  A  is  increasing,  that  in  C  decreasing.  As  these 
coils  are  now  in  series,  their  separate  electromotive-forces  are 
of  course  added  together.  A  moment  later  A  will  be  in  the 
position  of  maximum  induction  ;  C  will  be  rapidly  approach- 
ing the  neutral  position  and  B  will  again  begin  to  have 
electromotive-force  induced  in  it.  B  and  C  will  for  the  moment 
be  in  parallel  with  one  another  and  in  series  with  A.  Then  C 
comes  to  the  neutral  position  and  is  cut  out  of  circuit,  while 
A  and  B  are  in  series,  and  so  forth. 

If  the  width  of  the  gaps  between  the  segments  of  the 
commutator  be  equal  to  the  width  between  the  adjacent 
brushes,  each  coil  will  be  out  of  circuit  whenever  it  is  more 
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than  60"  from  the  position  of  maximum  action,  and  the  time 
during  which  any  two  coils  are  in  parallel  will  be  practically 
nil.  But  if  the  brushes  F  F'  follow  at  a  considerable  angle — 
about  60"  in  practice  —  behind  the  brushes  P  P',  there  will  be 
considerable  duration  of  the  stage  during  which  two  coils  are 
in  parallel. 

The  regulation  of  this  machine  to  maintain  a  constant 
current  is  accomplished  by  an  automatic  shifting  of  brushes. 
The  actual  method  now  used  is  termed  "  backward  "  regu- 
lation. The  pair  of  •* following"  brushes  F  F'  is  shifted 
backwards  to  f  f  as  shown  in 
Fig.  476,  whilst  at  the  same  time 
the  leading  brushes  P  F  are  shifted 
forward  through  an  angle  one- 
third  as  great  towards  p  p\  If, 
as  stated  above,  the  brushes  are 
60°  apart  under  normal  condi- 
tions, there  will  be  exactly  120° 
on  either  side  between  the  posi- 
tive brushes  P  Y  and  the  negative 
brushes  P'  F' ;  and  as  1 20°  is  the 
exact  length  of  each  segment  of 
the  commutator,  no  coil  will  be 
cut  out,  and  parallelism  will  subsist  between  two  coils  through 
angles  of  60°  :  that  is  to  say,  there  will  always  be  two  of  the 
three  coils  in  parallel  with  one  another  and  in  series  with  the 
third  coil.     The  six  stages  of  change  will  be  : — 


Fig.  476.— Commutating 
Positions. 
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/F  -  Cv         /Pv 
From  external  circuit — /  /  ^  \        / — ^^  external  circuit 

\f  ^  A/       \f/ 


/Fv  /B  -  Fv 

\p'/      \a  -  F/ 


etc. 


Now  suppose  the  current  to  become  too  strong  owing  to 
xeduction  of  number  of  lamps  in  circuit,  the  "following" 
brushes  are  made  to  recede.  This  will  shorten  the  time  during 
which  any  single  coil  in  passing  through  the  maximum  position 
is  throwing  its  whole  electromotive-force  into  the  circuit,  and 
will  hasten  the  moment  when  it  is  put  in  parallel  with  a 
comparatively  idle  coil.  During  such  movements  of  regula- 
tion the  whole  machine  is  momentarily  short-circuited  six 
times  during  each  revolution  by  F  receding  so  far  towards 
P',  and  F'  receding  so  far  towards  P,  as  that  both  touch  the 
same  segment  of  the  commutator  at  one  instant.  The  action 
is  assisted  by  the  slight  advance  of  P  and  P',  but  the  main 
object  of  this  advance  is  to  lessen  the  sparking.  If  the  current 
is  too  weak,  then  the  pairs  of  brushes  must  be  made  to  close 
up,  thereby  reducing  the  time  during  which  the  most  active 
•coils  are  in  parallel  with  those  that  arc  less  active. 

Regulating  Gear. — This  motion  of  advance  and  retreat  is  accomplished 
by  the  simple  link-gear  not  shown  in  any  of  the  figures.  The  automatic 
movement  is  imparted  by  the  regulating  electromagnet  R  (Fig.  477), 
whose  pole,  of  paraboloidal  form,  attracts  its  armature  according  to  the 
current  flowing  around  it,  and  raises  the  arm  A,  The  circuits  which 
■operate  this  mechanism  are  also  shown.  Normally  the  electromagnet 
R  is  short-circuited  through  a  bye-pass  circuit,  and  only  acts  when 
this  circuit  is  opened.  At  some  convenient  point  of  the  main  circuit 
two  solenoids  are  introduced,  their  cores  being  supported  by  a  spring ; 
and  the  yoke  of  the  cores  operates  the  contact  lever  S.  If  the  current 
becomes  too  strong  this  contact  is  opened,  and  the  regulating  magnet 
R  raises  the  arm  A.  During  running  the  lever  S  is  continually  vibrat- 
ing up  and  down,  and  so  altering  the  brushes  to  the  requirements  of  the 
-circuit.  A  carbon  shunt  of  high  resistance  r  is  added  to  minimise  the 
■destructive  spark  at  S.  It  might  be  expected  that  with  only  three  parts 
to  the  commutator,  the  sparks  occurring  as  the  segments  pass  under  the 
brushes  would  speedily  destroy  the  surface.  This  difficulty  has  been  met 
by   Professor  Thomson  in  the  boldest   manner.     By  means  of  a  small 
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mechanical  blower,  tixed  upon  ibe  shaft  behind  ihe  commutator,  inter- 
mittent blasts  o(  air  are  bloun  exactly  at  the  right  moment  so  as  virtually  to 
blow  out  the  spark.  The  three  segments  of  the  commutator  are  separated 
by  gaps ;  and  in  front  of  each  of  the  leading  brashes  there  projects  a 
nozzle  which  dischai^cs  a  blast,  alternately,  three  times  in  each  revolution. 

Advantages  of  Open-coil  Dynamos. — The  two  great  typical 
open-coil  dynamos — those  of  Brush  and  of  Thomson-Houston 
— appear  to  have  certain  qualities  which  render  them  specially 
applicable  as  constant-current  dynamos  for  series  arc-lighting. 
A  considerable  proportion  of  all  the  arc-lights  in  the  world 
are  run  by  one  or  other  of  these  machines.     It  would  seem 


that  the  closed-coil  dynamos,  whether  of  the  ring  or  of  the 
drum  type,  arc  not  so  well  adapted  for  furnishing  the  very 
high  electromotive- forces  needed  for  this  work.  The  commu- 
tator, with  its  many  parallel  bars  insulated  with  mica  (which 
is  the  indispensable  adjunct  of  the  closed-coil  armature), 
rapidly  deteriorates  when  exposed  to  the  inevitable  sparking 
and  wide  alterations  of  lead  which  arc  inseparable  from  the 
const  ant- current  method  of  working.  For  this  method  of 
distribution  of  electric  energy,  nothing  will  stand  wear  and 
tear  so  well  as  the  simple  air-insulated  commutators  described 
in  this  chapter.  As  a  partial  set-off  against  these  advantages 
may  be  reckoned  tlie  somewhat  lower  plant  efficiency  of  open- 
coil  machines. 
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Some  tests  of  a  closed-coil  arc  dynamo  have  been  published 
by  Owen  and  Skinner  in  the  *  Proceedings  of  the  American 
Inst.  Electrical  Engineers  '  for  1893. 

A  special  study  of  the  curves  of  induction  in  the  armature 
of  a  Thomson-Houston  arc-light  machine  has  been  made^  by 
Mr.  Milton  F.  Thompson,  who  found  the  total  current  at  full- 
load  to  fluctuate  between  five  and  eight  amperes,  six  times  in 
each  revolution;  the  mean  current  being  6*8.  The  fluctua* 
tions  of  electromotive-force  in  each  individual  coil  were  very 
remarkable ;  the  curves  being  singularl}'  irregular,  falling  to 
near  zero  twelve  times  in  each  revolution. 

Westinghouse  Arc-Lighter, — The  Westinghouse  arc-light* 
ing  machine  resembles  a  two-phase  alternator  with  revolving 
armature  having  coils  of  many  turns  sprung  over  large  T- 
shaped  teeth.  The  cojls  in  each  "  phase  "  are  in  series,  and 
each  series  is  connected  at  its  ends  to  a  rectifying  commu- 
tator. The  field-magnets  are  separately  excited  at  125  volts. 
The  7S-arc  machine,  running  at  650  r.p.m.,  generates  95 
amperes  at  3750  volts.  The  high  armature  reaction  renders 
any  external  regulator  unnecessary. 


Other  Arc-Light  Machines. 

Bradley  s  Dynamo, — Mr.  C.  S.  Bradley  has  constructed  a 
dynamo  with  a  closed  ring  armature,  in  which  the  difficulty 
of  commuting  at  high  pressure  is  reduced  by  having  four 
distinct  commutators,  the  brushes  of  which  are  joined  i» 
series.  A  machine  of  somewhat  similar  type,  designed  by 
M.  Hurmuzescu  for  testing  purposes,  was  described  in  the  last 
edition  of  this  book. 

Sperrfs  Dynamo, — An  arc-light  dynamo  with  a  Gramme 
armature  is  that  of  Sperry,  the  distinguishing  feature  of  which 
is  the  use  of  internal  as  well  as  external  pole-pieces.  It  was 
illustrated  in  the  previous  edition  of  this  book. : 

Wood^s    Dynamo.  —  This    is    also  a  modified    Gramme 

*  Electrical  IVorldf  xvii.  392,  1891,  :ii\d  Eiectricai  Reiirw,  xxviii.  773,  1891. 
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iTiachine.^  To  obviate  sparking,  there  is  an  auxiliary  brush 
placed  5  to  10  sections  ahead  of  the  collecting  brush  ;  and  the 
voltage  is  varied  by  a  device  which  shifts  the  brushes  forward. 
The  width  between  the  auxiliary  brush  and  that  behind  it 
is  varied,  being  narrow  where  commutation  has  to  occur  in 
strong  fields,  and  wide  for  weak  fields,  thus  securing  sparkless 
reversal  in  either  case.  One  of  the  largest  arc-lighting  stations 
in  the  world,  that  at  St.  Louis,  Missouri,  is  supplied  with  53 
of  these  dynamos,  each  capable  of  feeding  60  arc-lamps. 

For  other  makers  of  arc-light  machines  of  the  closed  coil 
type,  the  reader  is  referred  to  previous  editions  of  this 
book. 

F.  B.  Crocker  ^  has  pointed  out  that  it  is  desirable  to  use 
carbon  brushes  with  high-voltage  closed-coil  dynamos,  as 
•copper  wears  off  on  the  mica  insulation,  causing  a  thin  film  of 
copper  which  promotes  sparking. 

He  has  designed  successful  machines  having  as  few  as 
108  parts  in  the  commutator,  capable  of  dealing  with  1 1,000 
volts. 

Drooping  Characteristics, — A  method  which,  though  not 
in  itself  securing  constancy  of  current,  is  much  followed  in  the 
construction  of  arc-lighting  dynamos,  should  here  be  ex- 
plained. Attention  was  drawn  on  p.  330  to  the  drooping 
form  of  the  characteristics  of  certain  series-wound  machines. 
It  is  obvious  that  if  this  effect  is  sufficiently  exaggerated,  the 
<irooping  portion  of  the  characteristic  will  correspond  to  the 
case  of  an  approximately  constant  current  The  drooping 
characteristic  is  important  (see  p.  346)  in  promoting  the  steady 
working  of  arc-lamps  in  series  in  the  circuit. 

The  influences  that  tend  to  cause  the  characteristic  of 
the  series  dynamo  to  turn  down  after  reaching  a  maximum 
height  are :  (i)  the  demagnetizing  effect  of  the  armature 
current  when  there  is  a  positive  lead  at  the  brushes  ;  (2)  the 
saturating  of  the  iron  of  the  armature  core  and  that  of 
the  field-magnets  ;  (3)  the  leakage  of  magnetic  lines  from  the 
field-magnet ;  (4)  the  peculiar  commuting  arrangements   in 

»  See  EUctrical  World,  xii.  April  23,  1887,  and  xiv.  54  and  260,  1S89 ;  also 
xvii.  4,  1891.      '  Address  before  Electrical  Congress,  Chicago,  Aug.  24,  1893. 
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certain  machines — for  example,  the  open -coil  dynamos  men- 
tioned previously — ^which  make  their  effective  electromotive- 
force  vary  greatly  with  the  position  given  to  the  brushes  ; 
(5)  high  internal  resistance,  and  self-induction.  As  the 
demagnetizing  effect  of  the  armature  current  is  nearly  pro- 
portional to  the  current  and  to  the  angle  of  lead,  and  as  the 
angle  of  lead  is  itself  nearly  proportional  to  the  armature 
current,  it  follows  that  the  whole  demagnetizing  effect  is 
nearly  proportional  to  the  square  of  the  armature  current  In 
Fig.  478,  let  the  curve  Ei  represent  the  electromotive-force  (at 
a  given  speed)  when  the  field-magnets  are  separately  excited, 
the  armature  circuit  being  left  open  ;  this  includes  the  effect 
of  (2)  and  partially  (3)  above.     On  the  same  diagram  a  curve 

having  ordinates  proportional  to 
C.„  and  of  such  a  magnitude  as 
to  represent  the  demagnetizing 
action  of  the  armature  current, 
may  be  plotted.  Deducting  the 
ordinates  of  this  cur\'e  from 
those  of  curve  Ei  we  get  cur\'e 
E2,  the  drooping  characteristic. 
The  trouble  with  all  machines 
of  this  class  is  the  sparking  at 
the  brushes  consequent  on  the 
variability  of  the  angle  of  lead. 
The  effect  of  a  drooping 
characteristic  can  to  some  extent  be  obtained  by  inserting  in 
the  external  circuit  a  resistance  of  from  i  to  2  ohms.  And 
this  is  preferable  to  having  an  internal  resistance  that  would 
add  to  the  heating  of  the  armature.  But  such  auxiliary 
resistance  should  be  coiled  on  an  iron  core,  since  self-induction 
here  is  of  value  in  steadying  the  current. 

Rectifiers, — The  success  of  the  open-coil  dynamos  has  led 
inventors  to  devise  machines  known  as  rectifierSy  to  produce 
from  an  alternate-current  supply  currents  suitable  for  scries 
arc-lighting.  Such  machines  consist  of  3  parts  (1)  a  special 
transformer  yielding  an  alternating  current  of  constant 
strength  ;  (//)  a  rotating  rectifying  commutator,  consisting  of 


Fig  478. 
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a  number  of  air*insulated  segments,  the  odd  numbers  ofwhicK 
are  joined  together  and  to  one  end  of  the  alternating  circuit, 
the  even  numbers  being  also  joined  together  and  to  the  other 
end  of  the  alternating  circuit ;  {iii)  a  synchronous  motor  to. 
drive  the  commutator.  The  commutator  must  have  as  many 
segments  as  the  motor  has  poles.  The  best-known  rectifier 
for  arc-lighting  is  that  of  Ferranti,  while  that  of  Pollak  has 
been  successfully  used  for  charging  accumulators. 
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CHAPTER  XXIII. 

SPECIAL  TYPES  OF   DYNAMOS. 

In  this  Chapter  arc  considered  the  following  special  types  of 
dynamos : — 

a.  Extra  high  voltage  generators  ; 

b.  Very     high     speed     machines     (Steam-turbine 

dynamos  ; 

c.  Very  low  speed  machines  (Exciters)  ; 
rf.  Double-current  generators  ; 

e.  Three-wire    generators,  and    multi-voltage  gene- 
rators ; 
/.   Homopolar  (Unipolar)  generators. 

Extra  High  Voltage  Generators.  —  For  all  continuous- 
current  generators  working  at  looo  volts  or  over,  the  utmost 
attention  must  be  given  to  the  due  insulation  of  every  part 

For  transmission  of  power  to  long  distances  by  continuous 
currents,  and  for  laboratory  purposes,  dynamos  are  occasionally 
required  giving  extra  high  pressure.  Crocker^  has  constructed 
a  machine  yielding  0*3  of  an  ampere  at  1 1,000  volts,  the  com- 
mutator consisting  of  108  parts.  A  continuous-current  dy- 
namo* of  exceptionally  high  voltage,  built  for  the  physical 
laboratory  of  Sorbonne,  by  La  Soci^t6  Cail,  was  depicted  in 
the  last  edition  of  this  book.  The  normal  output  of  the 
machine  is  2  amperes  at  a  pressure  of  3000  volts,  but  it  has 
yielded  a  pressure  of  4000  volts  with  ease.  There  are  four 
armatures  of  the  ring  type  mounted  on  the  same  shaft,  each 
giving  a  pressure  of  750  volts  at  a  speed  of  1500  revolutions 

*  Address   before    the     Electrical    Congress,    Chicago,    August    24,    1S93, 
Electrical  World,  xxii.  201. 

^  V Industrie  ^leetrique^  July  lo,  1895,  p.  290. 
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per  minute.  The  winding  consists  of  160  sections  of  66  turns 
per  section,  so  there  are  10,560  wires  on  the  periphery.  Each 
commutator  is  20  cm.  in  diameter,  and  consists  of  160  seg- 
ments, there  being  a  maximum  of  10  volts  between  any  two 
segments.     The  resistance  of  armature  is  128  ohms. 

Figs.  479  and  480  depict  a  specially  interesting  machine  of 
Brown,  Boveri  &  Co.,  for  a  high  voltage.  This  is  MP  4 — 20 
— 700 — 1000  volts — 20  amperes. 

The  chief  data  of  this  machine  are  as  follows: — Out- 
side diameter  of  yoke  35  inches,  length  parallel  to  shaft 
11*4  inches,  of  cast-steel.  The  magnet-cores  are  circular 
in  section,  having  a  diameter  of  ^\  inches,  and  the  cores, 
and  at  the  same  time  the  pole-pieces,  are  attached  to  the 
yoke  of  the  machine  by  a  single  steel  bolt ;  the  fact  that 
the  seatings  both  at  the  yoke  and  pole-pieces  are  turned 
and  thus  possess  a  rounded  surface,  making  this  possible. 
The  armature  is  15  inches  in  diameter,  the  length  between 
core-heads  being  9*85  inches.  There  are  59  slots  and  1416 
conductors  ;  there  being  thus  24  conductors  per  slot,  arranged 
in  the  slots  in  two  taped  sets  of  1 2  conductors  each.  Round 
wire  of  a  section  of  0*0037  square  inch  bare  and  0*0070 
square  inch  insulated  is  used,  and  the  total  thickness  of  in- 
sulation between  conductors  and  core  amounts  to  0*07  inch. 
The  winding  has  a  two-circuit  series-parallel  grouping  de- 
scribed on  p.  420 ;  and  throughout  great  attention  is  given 
to  the  insulation  of  the  end  turns  and  connexions.  But  the 
design  of  the  commutator  is  the  most  noteworthy  feature  of 
this  machine.  Owing  to  the  fact  that  only  twenty  amperes 
have  to  be  collected,  the  question  of  insulation  was  the  para- 
mount one  to  be  considered.  There  are  177  segments,  or 
three  per  slot ;  the  end  clamping  plates  of  this  commutator 
are  unusually  substantial. 

Mica  0*035  J"ch  thick  is  used  between  the  segments,  and 
the  insulating  end-rings  project  far  beyond  the  end  of  the 
segments,  and  are  not  turned  off  flush,  as  is  usually  the  case 
with  machines  of  lower  voltage.  On  the  whole  the  construc- 
tion is  very  simple,  that  of  the  commutator  especially  so ; 
the  design  being  very  open  throughout  and  such  that  there 
I.  3  C 
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is  little  chance  of  dust  or  dirt  collecting,  which  might  lead 
to  a  breakdowQ  in  the  insulation.  Fig.  480  gives  a  sectional 
view  of  the  armature. 

M.  Thury,  who  has  consistently  advocated  the  use  of 
continuous  currents  for  the  transmission  of  power,'  has  de- 
signed* a  special  machine  for  an  output  of  i   ampere  at  a 


tic.  479.— HioH-VoMAGK  Dynamo  of  Brown,  Boveki  &  Co. 

pressure  of  23,000  volts.  This  is  designed  with  a  stationarj- 
extemal  armature,  and  an  internally  revolving  bipolar  magnet, 
the  latter  being  separately  excited  by  a  small  bipolar  ma- 
chine of  ordinaiy  type  giving  8  amperes  at  80  volts.  The 
armature  somewhat  resembles  the  stator  of  an  induction- 
motor,  the  winding  consisting  of  48  coils,  lodged  in  48  slots  in 
the  internal  periphery  of  the  ring.     Each  coil  is  former-wound 

'  See  Wyssliag  in  Elcktml.  Zc-ilschri/l,  Kxiii.,  1003,  igoa,  for  a  dcscriptioD 

of  a  340  kilouatc  geueratot  woikjng  at  3250  volts. 
-  See  r £li-clri<ien,  xxiii.  J04,  Miy  10,  1902. 
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and  consists  of  500  turns  of  a  silk-insulated  copper  wire  20 
mils  in  diameter.  The  slot  insulation  is  of  a  special  paper. 
The  internal  resistance  of  this  armature  is  700  ohms.  The 
coils  are  united  to  one  another  in  a  closed  circuit,  connected 
symmetrically  to  a  hollow  stationary  commutator  of  96  seg- 
ments, against  the  inner  periphery  of  which  the  two  revolving 
metal  brushes  make  contact.  The  segments  are  insulated 
from  one  another  with  an  air-space,  and  at  first  a  blast  of  air 
was  provided  to  blow  out  any  short-circuiting  sparks.  But 
this  device  was  abandoned  in  favour  of  an  arrangement  of 
condensers  between  each  segment  and  its  neighbours.  The 
bore  of  the  armature  is  22  •  8  inches.  The  field-magnet  ruus 
at  600  revolutions  per  minute. 

Very  High  Speed  Machines. — Dynamos  driven  by  steam- 
turbines,  or  by  motors  in  motor-generator  groups,  are  com- 
monly required  to  run  at  very  high  speeds,  and,  therefore, 
need  to  be  designed  with  a  special  view  to  this  circumstance. 
The  utmost  pains  must  be  taken  to  secure  perfect  balancing 
of  the  armature  ;  the  commutator  segments  must  be  specially 
secured  against  centrifugal  forces  by  the  addition  of  an  in- 
sulated steel  ring  shrunk  over  the  middle.  Carbon  brushes 
cannot  be  used  because  of  the  high  peripheral  speed,  and 
therefore,  cross-compensating  windings,  p.  266  (on  the  plan  of 
Ryan  or  of  Deri  ^)  upon  the  field-magnet  become  a  necessity. 

Figs.  481  and  482  illustrate  a  high-speed  generator  of  this 
type,  constructed  at  the  Oerlikon  Co.*s  works  for  a  motor- 
generator  set.  This  machine  is  MP  4 — 342 — 1000.  giving  570 
amperes  at  600  volts.  As  this  makes  the  frequency  of  mag- 
netization 33^  cycles  per  second,  the  iron-losses  will  be  greater 
than  usual.  The  diameter  of  the  armature-core  is  27  •  6  inches, 
its  gross  length  1 1 '8.  It  has  8d  slots,  each  I' 575  deep  and 
0*53  wide.  Each  slot  contains  6  conductors  arranged  2  deep 
and  of  section  99  mils  x  63  mils.  The  armature  is  lap-wound, 
the  pitches  being  ji  =  103,  j/g  =^  —  loi.  The  centrifugal 
force  at  the  armature-face  is  about  391  pounds'  weight  per 
pound.  The  gap  is  0*394  inch.  The  pole-arc  is  73 J  per 
cent,  of  the  pole-pitch.     The  pole-cores  are  of  special  con- 

*  British  Patent  No.  4784  of  1900. 
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struction,  built  of  stampings  in  the  face  of  which  slots  of  i  ■  52 
X  O'  355  inch  in  size  are  stamped  out  to  receive  the  compen- 
sating winding.  There  are  20  slots  in  each  pole,  and  in  each 
slot  are  two  conductors  joined  in  parallel,  the  dimensions  of 
each  conductor  being  1-26  x  o- 118  inch.  The  shunt  wire  on 
the  magnets  is  1 89  mils  in  diameter,  covered  to  205  mils.  The 
yoke,  of  steel,  is  54-7  inches  in  external  diameter.  The  com- 
mutator has  a  diameter  of  15 "75  inches  and  a  total  length  of 


Fig.  481. — Oerlikon"  Co's.  Hir.H.SPEED  Gbnerai'or. 

II  inches.  There  are  240  segments,  each  0-176  inch  wide 
at  the  face.  A  steel  ring  is  shiunk  over  the  commutator  to 
prevent  flying. 

A  steam-turbine  generator,  by  Brown,  Boveri  &  Co.,  is 
illustrated  in  Figs.  483  and  4S4,  It  is  of  100  kilowatts  out- 
put, and  is  direct  driven  by  a  Parsons  steam-turbine  at  3500 
revolutions  per  minute.  The  diameter  of  the  armature  body  is 
13"75  inches  and  its  gross  length  also  I3'75.  The  peripheral 
speed  is  no  less  than  1 2,600  feet  per  minute  ;  and  the  centrifugal 
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force  at  the  periphery  3400  lb.  weight  per  pound  of  matter.  To 
hold  the  conductors  in  their  place  requires  the  very  special 
construction  shown  of  solid  gun-metal  caps  at  the  ends  of  the 
armature.  The  output  is  450  amperes  at  220  volts.  The 
commutator,  which  is  surrounded  by  three  steel  rings  shrunk 
on,  is  7'IS  inches  in  diameter,  and  no  less  than  21-65  inches 
long,  its  useful  length  being  about  15  inches.     This  unusual 


Fig.  482.— Oeklikon  Go's.  Hich-Spied  Gjsmator  (Section-). 
length  is  due  to  the  circumstance  that  it  is  imperative  to  keep 
down  the  surface-speed,  which  nevertheless  is  6500  feet  per 
minute.  But  more  striking  is  the  design  of  the  field-magnet 
system  :  for  it  has  no  distinctive  pole-cores  or  yokes,  but 
consists  of  circular  stampings  pierced  with  slots  through  which 
pass  the  copper  coils,  resembling  therefore  the  stator  cf  an 
induction  motor.  The  external  diameter  of  the  structure  is 
21  s  inches.  The  magnetizing  coils  pass  through  slots  sur- 
rounding four  quadrants,  thus  creating  four  poles.  The  pole- 
pitch  is  io*8  inches,  and  the  equivalent  pole-arc  about  8-6 
inches.  Below  the  magnetizing  coils  the  pole-faces,  or  rather 
the  whole  inner  periphery  of  the  system,  is  pierced  with  64 
slots  to  receive  a  compensating  (or  cross-compounding)  wind- 
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ing  on  the  method  of  Deri.*  Further  data  of  this  machine 
are  not  accessible,  but  the  flux-density  in  the  gap  is  about 
40,000  lines  per  square  inch,  and  the  specific  load  of  the 
armature  only  about  210  ampere-conductors  per  inch  of 
periphery.  With  even  so  low  a  peripheral  density  it  would  be 
impracticable  to  construct  the  machine  with  so  small  an  air- 
gap  as  it  has  unless  it  were  provided  with  the  compensating 
winding. 


Fig.  484.— Brown's  Steam-Turbixe  Generator  (Transverse  Section). 

A  small  steam-turbine  dynamo  for  the  purpose  of  working 
locomotive  head-lights,  giving  30  amperes  at  33  volts,  is  de- 
scribed in  Electrical  Review  (N.Y.),  xlii.  621,  May  1903. 

Very  Loiv- Speed  Machines, — These  are  of  two  kinds :  {i) 
machines  of  large  output  and  large  size  that  have  to  be 
driven  by  a  water-turbine  with  low  fall ;  (it)  exciters  intended 
to  be  mounted  on  the  shaft  of  a  large  slow-speed  alternator. 

*  See  Elcctrotecknisck:  Zeitschrifty  xxiii.  817,  Sept.  Ii,  1902. 
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The  former  are  distinguished  by  numerous  poles  and  large 
diameter :  but  beyond  this  there  is  nothing  special  in  their 
design,  as  they  generally  attain  a  peripheral  speed  of  normal 
amount.  As  to  exciters,  being  generally  of  small  output  it 
would  be  absurd  to  design  them  to  reachhigh  peripheral  speeds. 


Fig.  4S5.— Double  Current  Genbrator  of  A. E.G. 

Hence  they  are  always  (relatively  to  their  output)  of  large 
dimensions.  They  generally  have  4  or  6  poles,  and  are 
frequently  wound  as  series-parallel  machines  so  as  to  diminish 
the  number  of  brush  sets.  An  example  by  Kolben  is  given 
on  p.  673.     Niethammer  has  discussed  the  points  requiring 
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attention  in  very  high  and  very  low  speed  machines  in  the 
Elektrot.  Zeitsckrift,  xxiii.  437,  May  15,  1902. 

Double-Current  Machines. — This  name  is  given  to  machines 
provided  both  with  a  commutator  and  with  three  slip-rings  so 
as  to  be  able  to  give  out  at  the  same  time  both  a  continuous- 
current  and  a  three-phase  current.  Examples  have  been 
described  on  p.  660,  Brown's  machine  at  Alloa,  and  p.  689, 
Ganz's  marine  generator. 

A  more  recent  example  is  that  of  the  generator  at  the 
Trafford  Park  Power  Station,  installed  ^  by  The  Electrical  Co» 
(A.E.G.)  of  London.     This,  as  a  continuous-current  machine 
would  be  described,  M  P  20—600 — 180,  and  at  this  speed  the 
frequency  will  be  30  cycles  per  second.     This  is  low,  but  not 
too  low,  for  three-phase  work  :  the  voltage  between  the  rings 
being  325  to  355  volts.     The  armature-core  is  about  91  inches 
in   diameter   and    17   inches   in   length.      Fig.  485   gives  a 
sectional  view.     The  core-rings  are  built  up  in   15  segments, 
of  sheets  about  20  mils  thick,  insulated  by  thin  silk  paper 
about  I  mil  thick,  with  an  inserted  layer  of  packing  paper 
about  10  mils  thick  at  about  every  inch.     There  are  also  two 
ventilating  ducts.     Each  segment  of  the  core   has  31    slots 
plus  a  half-slot  at  each  end,  making  in  total  480  slots,  each 
I  •  I  inch  deep  by  O" 216  wide.     The  winding  consists  of  480 
former-wound  coils,  each  of  two  separate  turns,  the  conductor 
being  rectangular  of  a  section  118  X  158  mils.     In  each  coil 
the  two  turns  lie  above  one  another,  so  that  the  conductors  lie 
4  deep  in  the  slot.     The  winding  pitches  arc^i  =  97,72  =  97- 
This  makes  a  wave-winding  with  10  paths  in  parallel  through 
the   machine.      There     are    960    segments  in  the    commu- 
tator.     The    brush    rocker    for    the    continuous-current    is 
bracketed  out  from  the  yoke,  that  for  the  alternating-current 
is   supported   from   the   bearings.      For   the   former  carbon 
brushes  are  used,  for  the  latter  copper  brushes.     The  tempera- 
ture rise  after  eight  hours'  full-load  run  is  guaranteed  not  to 
exceed  70°  Fahr.     The  slip-rings  are  connected  to  symmetrical 
points  along  the  windings. 

The  advantages  of  double-current  machines  are  :  (1)  that 

»  See  Electrician^  li.  484,  July  10,  1903. 
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they  can  furnish  currents  to  both  kinds  of  motors  at  once  ;  («) 
that  they  have  for  equal  heating  a  greater  total  output  than 
the  same  machine  would  afford  as  a  three-phase  machine 
simply ;  (m)  that  while  the  continuous-current  side  is 
excellent  for  a  supply  near  the  station,  the  three-phase  side  is 
available  for  supplying,  through  step-up  transformers,  the 
distant  parts  of  the  system.  The  disadvantage  is  that  the 
frequency  suitable  for  three-phase,  say  30-50  cycles  per 
second,  is  too  high  for  a  good  continuous-current  machine,  or 
in  other  words,  the  machine  must  have  more  poles  than  is  best 
for  a  continuous-current  machine.  At  the  Montmorency  Falls 
near  Quebec,  some  Westinghouse  generators  supply  con- 
tinuous-currents at  5  50  volts  to  the  railway  lines  adjacent,  and 
two-phase  current  at  400  volts,  with  a  frequency  of  about  60 
cycles  per  second,  to  transformers  for  transmission  to  a 
distant  sub-station.  Similar  machines  of  1000  kilowatts  each 
are  used  for  the  Third  Avenue  Railway  at  New  York. 

Three-  Wire  Generators, — In  working  a  three-wire  system, 
at  say  220  volts  on  each  side  of  the  middle  wire,  it  is  usual  to 
provide  two  dynamos  each  of  220  volts,  put  in  series,  having 
therefore  the  -|-  pole  of  one  joined  to  the  —  pole  of  the  other, 
the  middle  or  neutral  wire  being  led  to  this  common  junction. 
Another  plan  is  to  use  a  single  440  volt  generator,  and  to 
equip  the  station  with  a  pair  of  balancing  machines  (see  next 
Chapter).  To  obviate  this  complication,  it  has  been  proposed 
to  create  special  generators  which  can  furnish  two  currents  (at 
say  220  volts),  with  some  method  of  putting  the  two  circuits 
in  series. 

There  are  several  methods  of  doing  this : — 

1.  The  dynamo  may  be  built  with  two  identical  armatures 
on  one  shaft,  which  may  be  coupled  up  as  if  they  were  two 
separate  machines,  though  having  but  one  field-magnet. 

2.  The  armature  may  be  wound  with  two  distinct  but 
identical  windings,  and  have  two  commutators,  one  at  each 
end.     The  brushes  may  then  be  coupled  up  as  before. 

3.  The  machine,  of  full  voltage  (say  440  volts),  may  be  so 
designed  as  to  permit  a  "  third  brush,"  or  rather  a  "  neutral 
set "  of  brushes,  to  be  placed  against  the  commutator  half-way 
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between  the  +  and  -  brush  sets  ;  and  to  this  neutral  set  the 
neutral  wire  of  the  system  is  led  back.  Such  machines  are 
known  as  three-wire  generators.  The  problem  in  such  cases  is 
to  modify  the  design  so  that  the  collection  of  current  by  the 
intermediate  brushes  shall  be  sparkless.  To  achieve  this,  it  is 
requisite  that  a  suitable  "  reversing  fringe  "  shall  be  provided. 


Fii:.  486.— Threb-wcrb  Dynamo,  by  Poke  i>f  Chemnitz. 

For  small  machines  Sayer's  device  of  notching  the  pole 
(p.  707),  may  suffice.  ■  But  for  large  machines  it  is  inadequate. 
Another  suggestion  is  to  divide  each  pole  into  two  separate 
parts. 

Fig.  486  depicts  a  special  dynamo  by  Pi^e,  of  Chemnitz, 
designed  for  this  purpose.  This  machine  has  all  the  pro- 
perties of  two  equal  generators  in  series.  It  gives  150 
amperes  at  2  X  250  volts,  and  runs  at   500  revolutions  per 
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minute.  Outwardly  it  appears  like  an  8-pole  machine,  but 
the  pole-cores  are  so  wound  that  each  two  successively  are  of 
the  same  polarity,  so  that  it  is  really  a  4-pole  machine.  The 
armature  winding  is  a  4-pole  winding,  and  there  are  4  sets 
of  brushes  placed  at  the  usual  positions,  2  positive  and  2 
negative.  But  between  these  there  are  4  more  brushes  at 
the  intermediate  positions  which  are  all  connected  together 
and  are  joined  to  the  neutral  or  middle  wire  of  the  system. 
The  magnet  winding  is  also  divided  into  two  parts,  one  part 
being  excited  across  the  outer  mains,  the  other  from-  the 
middle  wire  to  one  of  the  outers. 

Similar  machines  have  been  designed  by  Rothert  ^  for 
Messrs.  Lahmeyer.  To  secure  good  regulation  the  forward 
halves  of  all  the  poles  should  be  excited  in  series  with  one 
another  by  a  shunt  winding  from  one  side  of  the  mains  to  the 
neutral,  and  the  hindward  halves  excited  in  series  with  one 
another  by  another  shunt  from  the  other  side  to  the  neutral. 

4.  Another  way  of  dividing  the  whole  voltage  of  a  machine 
into  two,  thus  giving  a  neutral  point  at  half-voltage  between 
the  terminals,  is  due  to  Dobrowolsky.^  He  connects  the 
winding  to  a  pair  of  slip-rings  as  if  to  take  off  an  alternating- 
current,  or  to  three  slip-rings  as  if  to  make  a  double-current 
machine.  The  slip-rings  are  then  joined  together  and  to  the 
neutral  conductor  through  an  equalizer  made  of  two  (or  three) 
choking-coils.  This  method  is  satisfactory  only  for  differences 
of  load  not  exceeding  1 5  to  20  per  cent,  between  the  two 
sides  of  the  system. 

For  other  references   to   three-wire  dynamos,  and   their 
extension  to  multi-voltage  generators,  see  the  following : — 
Girault,  Eclairage  Electriquey  xiv.  204,  1898  ; 
Aliamet,  Electrical  Review^  xl.  95,  1897  ; 
Sengel,  Elektrot  Zeitschrift^  xx.  525,  etc.,  1899 ; 
Rushroore,  Electrical  Review  (N.Y.),  xxxii.  j^,   1898; 
A  merican  Electrician,  x.  498  ;  and  Electrical  World, 
xxxi.  183,  1898. 

Homopolar  {''Ujiipolar'')  Dynamos. — In  those  cases  where 

»  Elektrot.  Zdtschrift,  pt.  17,  1897. 

*  Ibid.,  323,  1894  ;  and  British  patent  19423  of  1S93. 
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the  motion  is  such  that  the  conductor  moves  continuously  past 
poles  of  one  kind  only,  the  inductive  operation  is  said  to  be 
homopolar ;  in  cases  where  it  passes  from  being  opposite  a  N- 
pole  to  being  opposite  a  S-pole,  the  operation  is  said  to  be 
^leteropolar,  Heteropolar  operations  obviously  generate  alter- 
nate currents,  unless  a  commutator  is  added.  Homopolar 
operations  give  rise  to  a  continuous  induction  of  electromotive- 
force  if  the  field  is  also  continuous,  the  rotation  of  the  con- 
ductor effecting  a  continuous  cutting  of  the  magnetic  lines 
without  any  reversal  in  direction  ;  but  in  such  cases,  sliding 
connexions  are  necessary  to  collect  the  current  Machines 
giving  currents  by  continuous  homopolar  induction  were 
formerly  known ^  as  "unipolar"  machines.  If  the  homopolar 
operation  is  arbitrarily  rendered  discontinuous,  as  in  Mordey's 
alternator,  and  in  some  of  the  "inductor"  alternators,  by 
dividing  up  the  pole-face  into  separate  projections,  and  if  the 
conductor  winds  alternately  backwards  and  forwards  across 
the  field,  the  result  will  be  an  alternating  induction. 

The  earliest  machine  which  has^any  right  to  be  called  a 
dynamo  (Fig.  I,  p.  7),  namely,  the  rotating  copper  disk  of 
Faraday,  was,  in  fact,  of  the  homopolar  class.  So  were  his 
other  machines  with  sliding  connexions  ;  for  exanriple,  the 
copper  cylinder  rotating  over  the  pole  of  a  magnet  (Fig.  3,  p.  8). 
Plucker  *  devised  another  form,  with  a  horizontally  rotating 
magnet,  having  sliding  contacts  at  the  middle  and  at  either 
end.  In  1862  Mr.  S.  A.  Varley  had  a  homopolar  apparatus  with 
an  iron  magnet  rotating  in  a  vertical  frame  having  a  mercurial 
connexion  at  the  middle-point.  About  1878  Dr.  Werner 
Siemens^  designed  a  homopolar  machine  in  which  there  were 
two  cylinders  of  copper,  both  slit  longitudinally  to  obviate 
eddy-currents,  each  of  which  rotated  round  one  pole  of  a  U- 
shaped  electro-magnet.  A  second  electro-magnet  was  placed 
between  the  rotating  cylinders,  with  protruding  pole-pieces  of 

^  This  sounds  like  a  lucui  a  non  lucendo^  for  the  magnet  has  two  poles.  But 
the  name  is  derived  from  the  term  "unipolar  induction,"  which  Continental 
electricians,  following  Prof.  Wilh.  Weber,  give  to  the  induction  of  currents  by  the 
process  of  **  continuous  cutting,"  whicJi  we  are  now  dealing  with. 

*  Pogg,  Ann.  Ixxxvii.  352,  1852. 

'  EUkiroUchnishc  Ztitschrift^  ii.  94,  188 1. 


special  Types  of  Dynamos.  767 

arching  form  which  embraced  the  cylinders  above  and  below. 
Each  cylinder,  therefore,  rotated  between  an  internal  and  an 
external  pole  of  opposite  polarity,  and  consequently  cut  the 
lines  of  force  continuously  by  sliding  upon  the  internal  pole. 
The  currents  from  this  machine  are  very  great,  but  of  only  a 
few  volts  of  electromotive-force.  To  keep  down  the  resistance, 
many  collecting  brushes  press  on  the  cylinders  at  each  end. 
This  dynamo  was  used  at  Oker  for  depositing  copper.  Much 
attention  has  been  paid  in  recent  years  to  machines  of  this 
type,  and  the  author  himself  designed  one  in  which  two 
Faraday  disks,  coupled  at  their  peripheries  outside  an  internal 
stationary  pole-piece,  rotate  in  a  symmetrically  uniform  field. 
Mr.  Willoughby  Smith  showed  that  if  an  iron  disk  be  used 
instead  of  a  copper  disk  a  much  more  powerful  effect  is 
obtained.  Professor  George  Forbes  has  constructed  ^  several 
machines  of  this  class.  Originally  he  began  by  employing  an 
iron  disk  which  rotated  between  two  cheeks  of  opposite 
polarity,  the  current  being  drawn  from  its  periphery.  He 
then  doubled  the  parts.  The  next  stage  was  to  unite  the  two 
disks  into  one  common  cylinder,  rotating  within  an  entirely 
self-contained  iron-clad  field-magnet  For  this  reason  the 
inventor  prefers  to  call  this  type  of  dynamo  "  non-polar."  A 
rubbing  contact — for  which  purpose  Professor  Forbes  at  one 
time  used  carbon  brushes,  and  at  another  a  number  of  springy 
strips  of  metal  foil — is  maintained  at  the  two  extremities 
.of  the  periphery.  One  of  the  earlier  forms  of  machine, 
with  a  single  disk  18  inches  in  diameter,  was  stated  to  give 
31 17  amperes  at  a  potential  of  5 '8  volts  when  running  at 
1 500  revolutions  per  minute.  One  of  the  later  machines,  in 
which  the  armature  is  a  cylinder  of  iron  9  inches  in  diameter, 
8  inches  long,  is  designed  to  give  a  current  of  10,000  amperes 
at  I  volt,  at  1000  revolutions  per  minute.  In  designing  such 
machines  it  is  convenient  to  remember  that  the  voltage  may 
be  expressed  in  the  formula 

E  =  t^/B-r  10^; 
where    v   is   the   linear   velocity    of  the    moving   conductor 

I  See  Specifications  of  Patent  Nos.  31 15  of  1883,  and  11244  of  1884. 
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{incites  per  sec),  /  its  length  (inches)  at  right  angles  to  the 
direction  of  motion,  and  B  the  density  of  the  field.  For 
example,  a  cylinder  of  copper,  8  inches  broad,  revolving  in  a 
field  of  60,000  lines  per  square  inch,  at  a  linear  speed  of  800 
inches  per  second,  will  induce  3*84  volts.  The  electromotive- 
force  of  such  machines,  at  a  given  number  of  revolutions, 
increases  as  the  square  of  the  linear  dimensions.  All  the 
important  forms  prior  to  1885  are  discussed  by  Uppenbom 
in  the  Centralblatt  fur  EUktroteckntk  of  that  year,  p.  324. 


Fic.  487.— Brown's  Hi 

The  theory  of  the  homopolar  disk-dynamo  has  been  given 
by  Lord  Kelvin,'  who  has  shown  that  such  a  machine  is  not 
self-exciting  except  above  a  certain  critical  speed,  dependent 
on  the  resistance  of  the  circuit. 

'  On  a  uniriirmdecttic  current  accumulator  {Phil.  Mijf.,  Jmuaiy  lS6S;  icii 
Jiefri-I  ef  F„,\r!.  p.  jajX 
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Two  difficulties  seem  to  beset  this  type  of  machine,  namely, 
the  inherent  trouble  of  peripheral  collection  of  large  currents, 
and  the  very  considerable  armature  reactions  which  accom- 
pany these  large  currents,  causing  great  fall  in  the  voltage'  as 
the  current  increases.  The  latter  can  only  be  obviated  by  the 
same  expedients  as  hold  good  in  all  other  types  of  dynamo, 
namely,  to  make  the  field-magnets  relatively  powerful  and 
to  counterbalance  the  reactions  by  compounding  or  over- 
compounding  the  machine  by  the  use  of  series  windings. 

Mr.  C.  E.  L.  Brown  designed  thehomopolar  machine.  Fig. 
487,  built  at  the  Oerlikon  Works,  with  a  cylinder  of  copper 


Fir,.  48&1. — Rahein  Kenni 


s  HoMOPOLAR  Dynamo. 


rotating  between  the  lips  of  an  iron-clad  electromagnet  of 
cast-iron.  This  machine  at  1200  revolutions  per  minute 
worked  at  lO  volts  and  showed  hardly  any  perceptible  drop 
in  voltage  when  3000  amperes  were  taken  from  it  This  is  the 
first  really  practical  homopolar  machine. 

More    recent   is    the   machine    depicted    in    Figs,   488(7, 
4881^  and  489,  designed  by  Mr.  Rankin  Kennedy,  which  differs 

n  having  several  conductors  under  induction  united  electrically 
ries  through  the  collecting  brushes.     This  machine  has  as 

ts  armature  an  iron  drum  bearing  I2  insulated  cylindrical 
segments  of  copper,  revolving  at  1200  revolutions  per  minute 
in  a  field  of  the  design  shown.     The  drum  is  12  inches  in 
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diameter,  and  with  polar  faces  12  inches  in  length ;  it  gave 
20OO  amperes  current  at  2-5  volts  per  bar.  There  must, 
however,  be  two  or  three  times  as  many  bars  as  those  actually 


Fig.  48SJ.— Rakkin  Kenhedv's  HoiiopoLAit  Machine  (Magnetic Circuit) 

active,  to  avoid  short-circuits.  The  method  by  which  the 
bars  are  put  in  series  is  shown  by  the  developed  diagram. 
Fig.  489. 

Other   practical  forms  of  homopolar  dynamo  have  been 


FJC.    489.^DLVEL0P£D   DIAGKAU   of  ARMAtlkE. 

described  by  H,  E,  Heath,  Electrical  Wtirl{/,xxxv.  210, 1900, 
and  by  F.  E.  Elmore,  British  Patent  No.  26673  of  ipO'i  t^'s 
latter  being  for  electrolytic  purposes. 

The  design  of  homopolar  dynamos  has  been  discussed  by 
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Professor  Crocker  and  Mr.  Parmly  in  a  paper  printed  in 
Electrical  Worlds  xxiii.  738,  1894,  in  which  they  suggest 
the  term  "  continuous  pole  "  for  such  machines.  They  agree 
with  most  writers  in  thinking  that  conductors  of  iron  or  steel 
are  in  this  type  preferable  to  conductors  of  copper. 

Much  interest  has  been  shown  in  recent  years  in  the  homo- 
polar  type  of  machine,  the  theory  of  which  is  still  to  some 
extent  obscure.  It  will  be  sufficient  to  refer  to  the  writings  of 
Tolver  Preston,^  Hering,^  Arnold,'  Hoppe,*  Puluj,*  Lecher,* 
Grotrian,'  and  Emde.* 

Many  persons  appear  still  to  think  that  a  continuous- 
current  dynamo  can  be  made  without  either  a  commutator  or 
the  use  of  sliding  connexions.  Their  ideas  are  usually  futile, 
because  of  some  fallacious  supposition  based  on  imperfect 
knowledge  of  principles,  such,  for  example,  as  that  the  induc- 
tion of  electromotive-force  depends  on  the  flux,  whereas  it 
depends  on  the  rate  of  change  of  flux. 

*  FtUL  Mag.^  February  1885,  March  1885,  and  February  189 1. 

*  Elec,  Worlds  xxiii.  53,  1894. 

'  Elektrot,  Zeitschr.^  March  7,  1895. 

*  Wied,  Ann.  xxix.  544,  1886 ;  and  xxxii.  288,  1887. 
»   Wiener  Akad,,  1888.  •  /d.,  1894. 

'  Ann,  der  Physik,,  vi.  794,  1901  ;  and  x.  270,  1903. 

*  Electrot,  Zeitschr,,  xxiv.  577,  1903. 
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CHAPTER  XXIV. 

MOTOR-GENERATORS  AND  BOOSTERS. 

Motor-generators  are  revolving  transformers  for  effecting 
transformations  which  cannot  be  effected  by  stationary- 
apparatus.  They  are  of  two  sorts:  (i)  for  transforming  a 
continuous  current  at  any  voltage  into  a  continuous  current 
at  any  other  voltage ;  (2)  for  transforming  continuous  currents 
into  alternating  currents  (single-phase  or  polyphase)  or  vice 
versa.  In  the  present  chapter  we  deal  only  with  the  con- 
tinuous-current machinery.  In  every  case  the  apparatus 
consists  essentially  of  a  combination  of  a  motor  with  a 
generator. 

Continuous-current  Transformers. 

Gramme,  in  1874,  constructed  a  machine  with  a  ring-armature 
wound  with  two  circuits — one  of  coarse  wire,  the  other  with  fine 
wire,  having  eight  times  as  many  turns.  Two  separate  commutators 
were  connected  with  the  two  windings.  This  machine  could  be 
used  for  transforming  either  from  high  to  low  potential  or  viu  va^sa. 
The  same  end  can  be  also  attained  by  uniting  on  one  shaft  the  arma- 
tures of  two  dynamos,  one  to  be  used  as  a  motor  driving,  the  other  as 
a  generator ;  and  these  may  have  separate  field-magnets  or  a  common 
field-magnet.  Such  a  combination  is  called  a  motor-generator  or 
motor-dynamo}     There  is  very  little  sparking  with  such  machines,  as 

*  This  Dame  is  in  strict  accordance  wilh  the  principle  of  nomenclature  which 
has  been  (see  footnote  to  page  i)  in  use  for  over  35  years,  according  to  which  the 
first  part  of  the  compound  word  refers  to  th:  acting  cause  and  the  second  part  to 
the  resulting  effect.  In  all  the  machines  of  this  class,  whether  there  is  one  arma- 
ture or  two,  whether  there  is  one  field-magnet  or  two,  the  motor  part  is  the  cause 
which  mechanically  drives  the  dynamo  part  as  a  resulting  effect*  Hence  the 
name  motor-dynamo.  The  horrible  term  dynimotor^  of  Cockney  origin,  to  denote 
a  particular  kind  of  motor-generator,  clearly  implies  some  combination,  in  which  a 
dynamo  is  the  cause  of  a  motor  being  driven  as  a  result.  It  therefore  logically 
can  only  refer  to  a  transmission  of  power  through  a  line,  with  dynamo  as  the 
cause  at  one  end,  and  motor  as  the  result  at  the  other.  The  term  is  however 
quite  unnecessary,  and  is  falling  into  disuse. 
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the  reactions  in  the  two  sets  of  coils  tend  to  correct  each  other. 
The  fidd-magnet  is  usually  excited  as  a  shunt  to  the  low-potential 
armature  coil.  Swinburne  has  discussed  many  possible  combinations, 
including  one  for  transforming  from  a  constant-current  to  a  constant- 
potential  condition  of  distribution.  The  chief  use  for  continuous 
current  transformers  was  for  many  years  that  of  transmission  of 
current  at  high  voltage,  so  as  to  economise  copper  in  the  feeding 
mains.  In  England,  continuous-current  transformers  have  been  in- 
troduced with  success  by  various  firms.  Messrs.  Laurence,  Paris  and 
Scott  ^  employ  a  2-pole  machine  with  cast-iron  frame  and  an  arma- 
ture wound  with  double  circuits.  In  the  Chelsea  central  station  a 
number  of  motor-dynamos  are  used.  They  have  been  described  in 
detail  by  Major-General  Webber,^  and  include  several  types,  some 
being  by  Laurence  and  Scott,  others  of  Elwell-Parker  construction. 
In  the  city  of  Oxford  continuous  currents  generating  looo  volts  are 
transmitted  to  motor-dynamos  at  several  points  of  the  city  where 
they  feed  the  network  at  loo  volts. 

The  following  are  particulars  of  an  Elwell-Parker  bipolar  con- 
tinuous-current transformer,  with  drum-wound  armature  but  having  a 
commutator  at  each  end. 

Fig.  490  shows  a  small  continuous-current  transformer  constructed 
by  the  Crocker-Wheeler  Co.  for  the  author,  for  testing  purposes.  It 
transforms  a  current  of  10  amperes  at  100  volts  to  one  of  i  ampere 


Primary. 


Volts 

Amperes 

Resistance  of  armature  winding  (ohms) 
Conductors  around  armature 
Segments  in  commutator 


1000 

40 

0*427 

648 

162 


Secondary. 


1 10 

360 

0*0052 

72 

36 


Speed  500  revoluiioDS  per  minute. 

Field-magnets  :  shunt- wound  with  3080  turns  ;  resistance  8*5  ohms. 

Armature  core  :  diameter  of  disks  16^  in. ;  nett  cross-section  of  iron 
326  sq.  in. 

Efficiency  of  double  transformation  :  at  full-load  83  per  cent. ;  at  half- 
load  75  per  cent. 


^  See  Electrician^  xix.  517,  October  1887;  zn^.  Electrical  RevieWy-xjoi,  ^  1888. 
*  Journal  Inst.  Electrical  Engineers^  xx.  63  to  69,  1 89 1,  giving  drawings  and 
data  of  three  machines. 
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at  looo  volts.  Mr,  T.  Parker  winds  motor  dynamos  witii  Eickemeyer 
coils,  the  high-pressure  windings  being  completed  and  connected  up 
first.  Then  the  whole  surface  is  insulated  afresh,  and  the  low-pressure 
windings  are  laid  on  in  outer  layers. 

A  somewhat  different  system  of  continuous-current  transformation 
has  been  suggested  by  Cabanellas,' and  patented  by  Edison,*  in  which 
neither  armature  nor  field-magnet  revolves,  but  in  which,  by  means 


Fig.  490.— CoNTiNUors-CuRRKNT  Transformer  (C rocker- Wlieeler  Co.). 

of  a  revolving  commutator,  the  magnetic  polarity  of  a  double-wound 
annature  is  continually  caused  to  rotate.  In  a  further  modification 
of  this  idea,  due  to  Jehl  and  Rupp,  a  mass  of  iron,  which  completes 
the  magnetic  circuit,  rotates  within  the  double-wound  ring.' 

Spark  troubles,  however,  afflict  all  merely  commutating  machines. 
For  further  notices  of  the  methods  of  continuous  current  ttans- 
formation,  the  reader  is  referred  to  articles  by  Elihu  Thomson,  in 
EUctrical  World,  x.  108,  1887  ;  by  R.  P.  Sellon,  in  EUdridan,  .\x. 
633,  1888  ;  and  by  Rechniewski,  in  La  Lnmilre  &Uctrique,  xxv. 
416,  1887  ;  and  see  Elalrician,  xxxi.  677. 

'  See  La  Nalure,  p.  43,  iSSz. 

'  Specilicaiion  of  Patent, 3949  of  1881 ;  and  Electrician,  xix.  479,  18S7. 

'  See  Eltttrician,  xix.  514,  1887  ;  jiK.  ;,  1887  [  uid  Specification  of  Patent 
ai3o  of  1887. 
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Uses  of  Motor-Generator  Combinations. 

The  various  services  for  such  combined  machines  may  be  classi- 
fied as  follows : — 

1.  Transformation  to  high  voltage  for  transmission  to  a  distance. 

2.  Transformation  to  high  voltage  for  testing. 

3.  Transformation  to  low  voltage  for  electro-plating  and  typing. 

4.  Equalization  of  voltages  in  a  3-wire  or  5-wire  system  of  dis- 
tribution; in  which  case,  the  apparatus  is  termed  a  Balancer  (in 
German^  Ausgleichungs-dynamd). 

5.  Compensation  of  voltage  drop  on  long  mains  or  feeders,  in 
which  case  the  machine  is  termed  a  Booster  \  or,  Prevention  of 
voltage  rise  on  a  return  main  or  earth,  in  which  case  it  is  termed  a 
Negative  booster. 

6.  Charging  a  battery  of  accumulator  cells  at  a  higher  voltage 
than  that  of  the  supply  mains ;  or  for  discharging  such  a  battery  into 
the  supply  mains  though  they  are  at  a  higher  voltage  than  the 
battery.  In  such  cases,  the  apparatus  is  termed  a  Battery-booster ;  or, 
if  it  serves  both  functions,  a  /Reversible  booster. 

Theory  of  Continuous-current  Transformers.* 

Let  Vj  be  the  potential  at  terminals  of  the  primary  or  motor  part, 
and  V3  that  at  terminals  of  the  secondary  or  generator  part  Let  the 
Ci,  Tj,  and  Zi  stand  respectively  for  the  armature  current,  armature 
resistance,  and  number  of  armature  conductors  of  the  primary  part ; 
and  Cj,  ^2,  and  Zj  for  the  corresponding  quantities  of-  the  secondary 
part.     Then  the  two  induced  electromotive-forces  will  be — 

El  =  «  Zi  N,  and  Ej  =  «  Z^  N  ;  and 

El  =  Vi  -  ri  Ci,  and  E^  =  Vj,  +  r^  Ca- 

Now  write  k  for  Zj  ~  Zg  (the  coefficient  oj  transformation) ^  and  we 

have — 

>tV2  =  Vj-riCi  -kr^Q^. 

But  the  electric  work  done  on  and  by  the  armature  is  equal,  assuming 
loss  by  eddy-currents  and  hysteresis  to  be  negligible,  or  E^  C^  = 
E2  C2 ;  whence  Cj  =  >t  Cj,  so  that  the  last  equation  becomes — 


V^=    k 


^  See  paper  by  the  Author  in  Phil.  MagattfUy  August  188S. 
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This  shows  that  everything  goes  on  in  the  secondary  circuit  as 
though  the  potential  were  reduced  from  that  of  the  primary  mains 
in  proportion  to  the  respective  numbers  of  windings  on  the  arma- 
ture :  and  as  though  there  were  added  to  the  internal  resistance  of 
the  secondary  circuit  a  resistance  equal  to  that  of  the  primary 
winding  divided  by  the  square  of  the  coefficient  of  transformation. 
The  ratio  of  transformation  is  independent  of  the  speed  and  of  the 
magnetism,  though  these  two  quantities  depend  inversely  on  one 
another.  If  the  dynamo  (or  secondary)  part  is  compound  wound 
the  speed  may  be  very  nearly  constant  at  all  loads;  but  there  is 
little  advantage  in  this,  as  the  speed  always  adjusts  itself  to  what  is 
wanted.  If  the  distant  generator  supplying  the  system  is  proj>erly 
over-compounded  it  will  keep  the  voltage  at  the  lamps  constant, 
though  the  transformer  is  interposed.  The  objections  to  the  use 
as  transformers  of  running  machines  are  almost  entirely  met  by  the 
considerations  that  these  machines  run  sparklessly  (owing  to  the 
balancing  of  the  self-inductions  of  the  two  windings),  and  with  very 
little  friction  at  the  bearings,  because  the  driving  and  driven  parts 
are  both  contained  in  the  one  rotating  part.  The  brushes  once  set 
need  not  be  moved  at  any  load  The  effect  of  the  presence  of  in- 
evitable losses  caused  by  friction,  hysteresis,  etc.,  is  that  the  current, 
Ci,  that  comes  in  from  the  primary  mains  to  drive  the  motor  part 
of  the  machine  will  be  increased  by  just  so  much  as  goes  to  make  up 
the  number  of  watts  so  lost. 


Balancers. 

For  a  3-wire  system  all  that  is  necessary  is  a  pair  of 
shunt-wound  dynamos  of  a  voltage  corresponding  to  the 
normal  pressure  between  the  neutral  wire  and  either  of  the 
outers.  These  two  machines  are  mechanically  coupled 
together,  or  better  still,  built  on  the  same  shaft,  and  they  are 
connected  across  the  two  sides  of  the  system.  If  the  pressures 
are  normal,  the  two  machines  will  run  idle  like  unloaded 
motors,  at  such  a  speed  that  the  currents  through  them  are 
just  sufficient  to  keep  up  the  speed  against  friction  and  the 
reaction  of  the  iron-losses.  If,  however,  the  voltage  on  either 
half  of  the  system  drops,  the  armature  which  is  across  that 
part  will  begin  to  pump  in  current,  tending  to  keep  up  the 
voltage  while  the  second  armature  at  once  takes,  as  a  motor. 
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more  current  from  the  other  half  of  the  system,  thus  enabling 
it  to  drive  the  first  armature.  It  is  of  little  importance 
whether  the  two  armatures  of  the  motor-dynamo  both  revolve 
in  the  same  field,  or  whether  there  are  two  separate  field- 
magnets.  Indeed,  a  machine  having  an  armature  wound 
double  with  a  commutator  at  each  end  will  answer  admirably. 


H 


<!, 


o 


t 


Fig.  491.— Balancer  on  Three-Wire  System. 

For  a  S-wire  system,  four  identical  shunt-wound  machines 
are  needed,  mechanically  coupled  up  to  run  at  the  same 
speed.  If  the  whole  four  circuits  are  at  normal  voltage,  the 
whole  balancer  will  simply  run  idle,  until  by  unequal  loading 
of  the  circuits  the  voltages  become  equal.     In  Fig.  492  the 


Fig.  492.— fiAL.\NC£R  ox  Five- Wire  System. 


attempt  is  made  to  suggest  that  the  circuits  are  unequally 
loaded.  In  this  case,  armature  No.  2  will  be  called  upon  to 
act  as  a  generator  to  prevent  the  voltage  dropping,  while 
armature  No.  i  will  act  as  a  motor,  circuit  No.  i  being  the 
most  lightly  loaded,  and  it  will  at  once  drive  the  machine 
actively. 

The  following  are  particulars  of  balancers  constructed  by 
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Messrs.  Mather  and  Piatt  for  the  5-wire  supply  in  Manchester. 
The  four  machines  were  constructed  in  pairs  as  shunt-wound 
Edison- Hopkinson  bipolar  dynamos. 

Resistance  of  magnet  coils       .....         25  ohms. 
Resistance  of  each  armature     .         .         .    *    .         .        0*0x26  ohm. 

With  an  output  on  one  side  of  126  amperes  at  103  -4  volts, 
the  output  on  the  generator  side  was  112  amperes  at  100*4 
volts.  Hence  the  efficiency  of  the  pair  of  armatures  including 
all  frictional  and  electrical  losses,  is  83*5  per  cent.  Or, 
looked  at  from  the  point  of  view  of  the  purpose  for  which  the 
machines  were  intended,  if  there  be  a  difference  of  3*0  volts 
between  the  two  sides  of  the  3-wire  system,  they  will  transfer 
112  amperes  from  the  higher  or  less  loaded  to  the  lower  or 
more  loaded  side,  so  helping  to  preserve  balance. 

Fig.  493  depicts  a  balancer  constructed  by  the  Indiarubber 
and  Telegraph  Works  Co.  of  Silvertown,  for  use  on  a  3-wire 
network  with  500  volts  across  the  outer  mains.  Each  machine 
is  rated  as  M  P  4 — 87 J — 550,  and  will  carry  350  amperes  as 
either  generator  or  motor  without  sparking,  and  with  brushes 
fixed  at  the  neutral  point.  The  leading  dimensions  are  as 
follow : — Core  diameter  27  inches  ;  core  body  length  13  inches ; 
number  of  slots  152,  each  containing  two  conductors  O'  52  by 
0*i2  inch  in  section.  The  winding  is  lap,  with  resistance 
O'OOS  ohm  from  brush  to  brush.  Shunt  resistance  52  ohms  ; 
pole  span  ratio  0'66;  field-bore  27*4375  inches.  The  com- 
mutator is  18  inches  in  diameter,  with*  152  segments.  There 
are  4  brush  sets  ;  in  each  set  5  carbon  brushes  i  x  i  inch 
in  the  face.  The  pole-cores  of  cast-steel  are  11  inches 
diameter :  the  yoke  is  of  cast-steel  with  50  square  inches  of 
section.  The  flux  is  about  9  megalines,  requiring  about  20,000 
ampere-turns  per  pole  for  excitation. 

Boosters. 

The  method  of  employing  an  auxiliary  armature  in  the 
circuit  to  raise  the  voltage,  which  is  the  operation  now  known 
as  boosting,  was  invented  in  188 1  by  Professor  John  Perry.  The 
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name  booster^  of  American  origin,^  denotes  a  special  kind  of 
auxiliary  dynamo-electric  machine  adapted  to  the  purpose  of 
giving  to  an  existing  current  (which  is  sent  through  the 
armature  of  the  machine)  an  additional  electromotive-force. 
The  French  name  for  a  booster  is  survolteur  or  machine  si^r- 
voltrice^  the  German  name  is  Zusatz-maschine.  The  principal 
cases  in  which  boosters  are  needed  are  :  (i)  for  raising  the 
voltage  of  the  generating  mains  of  a  system  in  order  to  charge 
a  battery  of  accumulators  ;  (2)  for  raising  the  voltage  of  some 
feeder  supplying  a  distant  section  of  a  tramway  line  so  as  to 
compensate  for  the  ohmic  drop.  This  last  function  is  to 
perform  for  a  portion  of  the  circuit  the  same  purpose  as 
over-compounding  the  generators  would  effect  for  the  whole 
supply. 

If  a  booster  is  used  to  lower,  instead  of  raising,  the 
electromotive-force,  it  is  sometimes  termed  a  negative  booster 
or  divolteur.  Negative  boosters  are  used  (i)  to  assist  an 
accumulator  battery  to  discharge  into  the  mains  from  which 
it  was  charged ;  (2)  to  lower  the  voltage  of  some  distant 
section  of  the  return  conductors  or  rails  of  a  tramway  line,  so 
as  to  keep  down  the  voltage  in  spite  of  the  ohmic  resistance. 

It  is  obvious  that  as  a  battery  of  accumulators  requires  to 
be  alternately  charged  and  discharged,  the  booster  for  this 
service  ought  to  be  reversible^  and  for  those  installations 
where  the  battery  is  used  as  a  buffer  to  equalize  the  changes 
of  load,  the  booster  must  be  automatically  reversible. 

Boosters  for  Feeders. — The  operation  of  feeder  boosters  is 
best  explained  by  reference  to  a  diagram. 

Let  G  Gin  Fig.  494  represent  the  generators  of  a  tramway 
system,  so  regulated  as  to  keep  the  station  voltage  at  500 
volts.  Owing  to  the  resistance  of  the  line  and  of  the  rail 
return  the  voltage  at  distant  points  will  drop  below  500  volts, 
the  drop  depending  on  the  load,  and  on  its  distribution  in  the 
system.  It  is  represented  as  dropping  to  450  volts  at  a 
distant  point.     This  inequality  of  voltage  cannot  be  remedied 

*  Murray's  New  Oxford  Dictioftary.  Boost  (U.S.  colloqaial) :  to  hoist,  to  lift 
or  push  up  from  behind.  1^60  Aeiv  York  Herald  ssiys  \  '*  Palmerston  was  boosted 
into  power  by  the  agricultural  interest  of  England." 
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by  over-compounding  .the  generators,  for   then    the   station 
voltage  will  at  times  of  heavy  load  rise  above  500.     To  keep 
up  the  voltage  at   the   distant  point   a  feeder  is   therefore 
carried  from  the  station  to  the  feeding-point  F  (Fig.  495),  and 
a  portion  of  the  whole  current  is  taken  from  the  mains,  and 
boosted  up  to  a  higher  voltage  by  passing  it  through  the 
armature  of  an  auxiliary  dynamo  D,  which  is  in  the  feeder 
circuit.     It  is  clear  that  this  auxiliary  armature  must  be  kept 
in  revolution  by  an  expenditure  of  power,  and  that  its  field- 
magnets  will  require  to  be  magnetized.     These  requirements 
might  be  met  by  driving  D  by  a  separate   engine,    or  by 
mounting  it  on   the  end   of  the   shaft  of  one  of  the  big 
generators   G  ;  and  its  magnetism  might  be  provided  by  a 
shunt  from  the  mains,  or  by  a  shunt  on  itself,  or  by  some 
separate  excitation.     But  though  these  thing^s  might  be,  the 
method  found   appropriate  in  practice  is :  to  drive  D  by  a 
shunt  motor  M  supplied  from  the  mains,  and  to  excite  its 
field-magnet  in  series  with  itself,  as  shown  in  Fig.  496.     It 
then  becomes  a  booster.     The  great  advantage  of  exciting  its 
field-magnet  with  its  own  outgoing  current  is,  that  then  the 
auxiliary  voltage  which   it  furnishes  is  proportional  to   the 
demand  for  current   in   the   distant   section   of  the   system 
supplied  by  that  feeder.     So,  for  this  purpose,  the  booster  is 
seen  to  be  a  combination   of  a  shunt   motor  with  a  series 
dynamo.     A  perfectly   similar  combination,  but  with  arma- 
ture connexion   reversed,   will  serve,   as  in   Fig.  497,   as  a 
negative  booster  to  reduce. the  rise  of  voltage   in  the  return 
main  at  a  distant  point. 

The  function  of  a  booster  in  transmitting  the  station 
voltage  to  a  distant  point  on  the  line  cannot  be  exactly 
achieved,  partly  because  the  magnetism  of  the  field-magnet 
does  not  vary  proportionally  with  the  excitation,  and  partly 
because  of  reactions  in  the  armature  and  pole-cores.  A 
series  dynamo  for  such  service  ought  to  have  laminated  cores 
worked  at  low  saturation. 

Instead  of  employing  a  series  dynamo,  an  ordinary  shunt 
machine  may  be  used,  provided  an  auxiliary  exciter  is  used  to 
excite   the  shunt-winding,   the   field-magnet   of  the  exciter 
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being  itself  excited  by  the  current  going  to  the  feeder.  This 
is  shown  in  Fig.  498,  where  D  is  the  dynamo,  M  the  motor 
which  drives  it,  and  E  the  small  exciter,  the  latter  being  itself 
driven  on  the  same  shaft.     Or,  an  ordinary  compound-wound 


Fig.  498.— Shunt  Booster 
WITH  Exciter. 


Fig.  499.— Compound  Booster 
WITH  Exciter. 


machine  may  be   used,  if   connected  as  shown  in  Fig.  499^ 
its  shunt  being  disconnected  and  joined  to  the  exciter. 


Battery  Boosters. 

As  mentioned  above,  these  are  of  two  classes : 

{a)  Shunt  booster, 
(i)  Irrrcersible  Boosters.  \  {b)  Series  booster. 

{c)  Compound  booster. 


(2)  Reversible  Boosters. 


(d)  Differential  booster. 

Exciter-controlled  booster. 


(a)  The  Shunt  Booster. — This  is  a  simple  shunt  generator 
of  any  kind  driven  at  a  constant  speed,  provided  the  armature 
can  carry  the  requisite  current.  The  armature  is,  of  course, 
in  series  with  the  battery,  the  shunt  coil  connexions  being  left 
as  usual,  or  in  other  arrangements,  are  connected  straight 
across  the  mains.  In  the  first  case.  Fig.  500a,  the  excitation 
of  the  booster  depends  upon  the  difference  of  pressure  between 
the  two  sides  of  the  booster,  which  varies,  varying  the  current 
through  the  shunt  In  the  v  second  case.  Fig.  500^,  the  shunt 
receives   a   constant    current   from   the    omnibus   bars,    and 
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consequently  the  number  of  volts  boosted  is  also  constant. 
When,  in  order  to  charge  the  cells,  the  voltage  is  to  be  raised 
above  that  of  the  'bus-bars,  the  field  coils  of  the  booster  must 
be  switched  in  so  that  the  voltage  of  the  booster  is  added  to 
that  of  the  'bus-bars  ;  but  for  discharge  the  connexions  must 
be  reversed,  so  that  in  this  mode  of  operating  a  reversing 
switch  needs  to  be  added,  as  in  Fig.  500^. 

Another  mode  of  operating  is  to  cut  the  booster  out  of 
circuit  when  the  cells  are  charged,  and  then  simply  discharge 
the  cells  as  required  into  the  mains.  But  in  this  case  some 
additional  regulating  device  is  needed  for  the  batteries  during 
discharge.  This  regulating  device  takes  the  form  of  end  cells, 
more  cells  being  switched  in  as  the  pressure  falls,  as  in  Fig. 
M,  or  instead  as  regulator  there  may  be  used  to  produce  a 
back  pressure,  a  few  cells  containing  simply  substantial  lead 
plates  which  are  never  drawn  upon  for  current,  but  merely 
reduce  the  voltage  of  the  battery  during  the  first  period  of 
discharge,  and  are  switched  out  one  by  one  as  the  voltage  of 
the  cells  falls. 

(b)  The  Series  Booster, — This  is  simply  a  series-dynamo 
driven  by  motor  or  otherwise,  at  a  constant  speed,  Fig.  500^. 
The  additional  voltage  it  provides  will  obviously  vary  with 
the  current  through  it,  though  not  in  exact  proportion.  As 
the  sign  of  the  induced  electromotive-force  will  change  with 
that  of  the  current  through  the  magnet  coils,  no  reversing 
switch  has  to  be  provided.  Girault  has  shown  how  to  reckon 
out  suitable  resistances  for  a  non -automatic  regulation. 

It  will  be  noted  that  neither  a  nor  b  fulfils  the  conditions 
for  automatic  working,  since  a,  though  fairly  automatic 
during  either  charging  or  discharging,  needs  a  reversing  switch 
to  be  operated  when  changing  over  from  charge  to  discharge, 
or  vice  versa  ;  while  b,  though  automatic  as  to  this  latter 
requirement,  gives  the  least  boost  at  the  time  when  most  is 
needed. 

(c)  T/ie  Covtpotmd  Booster, — This,  as  depicted  in  Fig.  500^, 
is  simply  an  ordinary  compound-wound  machine.  Its  series 
coils  may  be  inserted  either  in  series  with  the  armature  or  in 
the  feeder  circuit  which  it  supplies,  and  the  shunt   be  con- 
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nected  in  either  of  the  ways  described  under  a.  The  shunt 
naturally  requires  a  reversing-switch,  and  therefore  the 
operation  is  not  automatic.  The  regulation  effected  is  a  little 
closer  than  that  afforded  by  either  aox  b  alone. 

(rf.)  Differential  Booster. — If  the  directions  of  the  shunt 
and  series-exciting  currents  of  a  compound  booster  are  re- 
versed, so  as  to  act  differentially,  the  action  of  the  booster 
becomes  reversible  and  automatic,  though  the  regulation  is 
still  imperfect.  The  connections  may  be  as  in  Fig.  ^QOf  or 
Fig.  500^,  where  Y  denotes  the  reversed  shunt  coil.  The  coil 
Y  must  be  capable  at  a  time  when  little  current  is  going 
through  the  series  coil  to  the  feeder,  of  so  magnetizing  the 
booster  magnets  as  to  add  the  voltage  of  the  armature  B  to 
that  of  the  *bus-bars,  and  so  charge  the  battery.  If  the  de- 
mand increases,  the  action  of  S. which  opposes  Y  reduces  the 
magnetization  and  the  added  voltage.  At  one  particular 
load  on  the  feeder  the  two  will  neutralize  one  another,  and 
the  booster  will,  at  that  stage,  help  neither  to  charge  nor  to 
discharge  the  cells.  As  the  feeder-load  still  further  increases, 
the  coils  S  will  preponderate  over  Y,  the  magnetism  will  re- 
verse, and  the  booster  will  help  to  discharge  the  cells  into  the 
feeder.  The  shunt  may  be  connected  (Mailloux)  across  the 
battery,  or  (Crompton)  across  the  mains  as  in  Fig.  500/".  In 
a  further  modification  (Entz)  there  are  two  series  coils,  one  in 
the  feeder,  the  other  in  the  circuit  from  the  *bus-bars,  and  a 
rheostat  is  added  to  adjust  the  balancing  effect  of  the  reversed 
shunt. 

(^.)  Exciter-Controlled  Booster — A  species  of  booster  in 
much  favour  is  that  having  its  field-magnets  supplied  with 
current  from  a  third  machine,  an  exciter  (itself  driven  at  a 
constant  speed,  either  independently  or  on  the  booster-shaft) 
the  regulation  of  the  booster  being  effected  by  regulating  the 
field  of  the  exciter.  Of  this  kind  are  the  automatic  reversible 
boosters  of  Siemens  and  Halske,  Highfield,  Hubbard,  and 
Turnbull.  Exciter-controlled  boosters  are  depicted  in  Figs. 
R,  S,  and  T.  In  Highfield's  (Fig.  500A)  the  exciter  is  a 
small  shunt  machine,  supplying  current  to  the  field-magnets 
of  the  booster  armature.     The  circuits  are  arranged  so  that 
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the  current  through  the  coils  of  this  field-magnet  is  propor- 
tional to  the  difference  between  the  voltage  of  the  battery  and 
that  of  the  exciter.  During  charge  the  voltage  of  the  battery 
is  higher,  during  discharge  lower  than  that  of  the  exiter. 
Hence  the  excitation  of  the  booster  automatically  reverses 
between  charge  and  discharge.  The  voltage  of  the  exciter 
ought  therefore  to  be  adjusted  to  be  equal  to  the  mean  or 
neutral  voltage  of  the  battery,  or  about  i  '95  volts  per  cell. 
In  Siemens  and  Halske's  (Fig.  500/)  the  magnet-coils  of  the 
booster  are  supplied  direct  from  the  armature  of  the  exciter ; 
the  excitation  of  the  latter  being  differential,  partly  by  a 
shunt  to  the  battery,  partly  by  a  series  coil  in  the  feeder 
circuit  In  Hubbard's,  the  exciter  circuit  is  the  same  as  in 
Highfield's,  but  the  motor  instead  of  being  shunt-wound  has 
a  thick  wire  magnetizing  coil  inserted  in  the  feeder-circuit 
The  booster  of  Turnbull  and  the  Lancashire  Dynamo  Co. 
(Fig,  Soq/)  has  a  differential  field-magnet  for  the  booster  arma- 
ture, one  set  of  coils  being  in  the  charging  circuit,  the  other 
in  the  circuit  of  the  exciter  armature  ;  and  the  excitation  of 
the  exciter  magnet  is  like  that  of  Siemens  and  Halske  with 
the  addition  of  a  third  coil  which  is  shunted  across  the 
'bus-bars. 

The  advantage  of  the  automatic  reversible  variety  of 
booster  is  that  on  a  very  variable  load  such  as  that  of  a  tram- 
way system  a  battery  may  be  used  to  give  out  all  the  current 
needed  above  a  certain  fixed  amount ;  and  automatically 
takes  in  all  surplus  current  from  the  generators  whenever  the 
load  falls  below  this  amount  The  share  of  load  that  falls  on 
the  generating  plant  thus  becomes  absolutely  constant, 
enabling  the  plant  to  be  worked  with  much  increased  effi- 
ciency. The  subject  was  discussed  by  Highfield  and  others 
at  length  in  the  Journal  of  the  Institution  of  Electrical 
Engineers^  xxx.,  1040,  iqdi. 

The  following  references  to  the  literature  of  the  subject  will 
be  useful : — 

Prescott,  Trans,  Amer,  Inst.  EL  Engineers^  vi.,  1889. 
Mailloux,  U.S.  Patent  No.  430,868  (1890). 
Crompton  and  Chamen,  British  Patent  7252  of  1892. 
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Sayers,  Electrical  Review^  xxxiii.  66,  July  1893. 

Highfield,  Journ.  Inst.  El.  Engineers ;   also  British  FcUenis 

Nos.  537  of  1899  and  12,972  of  1900. 
Entz,  U.S,  Patents  Nos.  625,098,  625,099,  625,  100,  670, 476. 
Scott,  Street  Railway  Review^  January  15,  1896. 
Zander,  Elektrot.  Zeitschrift,  August  1896. 
V^oo^n^'^y  Journal  Franklin  Institution^  May  1898. 
Lamme,  English  Patent  No.  8142  of  1898. 
Girault,  L' Industrie  Jklectrique^  xxxiv.  May  25,  1899. 
Lyndon,  Electrical   World,   xxxviii.   13,  July  6,  1901  ;    and 

U.S.  Patent  No.  648,874. 
Hubbard,  American  Electrician^  xii.  85,  February  1900;  and 

U.S.  Patents  Nos.  640,565,  651,664,  and  673,266. 
American  Electrician :  see  articles  September  1899,  p.  441  ; 

January  1901,  p.  47  ;  March   1901,  p.  136 ;  April   1901, 

p.  195  ;  May  1901,  p.  239;  and  November  1901,  p.  524- 
Macrae,  Electrical  World,  xxv.  431. 

Useful  combinations  of  boosters  with  balancers  on  the 
three-wire  system  are  described  by  G.  Stephens  in  an  article 
in  the  Electrical  Engineer,  xxxii.  6,  July  1903. 

Thury  has  described  an  automatic  booster  regulator  of  a 
somewhat  different  sort.     The  booster  armature,  Fig.  501,  is 

magnetized  differentially  by  a  series  coil 
in  the  charging  circuit,  and  a  coil  shunted 
across  the  battery,  into  the  circuit  of  which 
is  introduced  a  rheostat  automatically 
moved  by  a  regulator  (see  Fig.  537,  Chapter 
XXVI.),  controlled  by  a  solenoid  shunted 
across  the  *bus-bars. 

Five  very  remarkable  booster  sets, 
designed  by  M.  Thury,  have  been  furnished 
by  La  Compagnie  de  Tlndustrie  felectrique, 
of  Geneva,  to  the  sub-station  of  Porta  Volta 
of  the  city  of  Milan.  These  machines 
are  6-polar,  driven  by  a  6-pole  motor, 
each  booster  armature  having  two  inde- 
pendent windings  and  two  commutators,  so 
that  if  the  armatures  are  coupled  in  series  they  can  carry  a 
current  of  2000  amperes,  with  a  boosting  voltage  of  loo  volts, 
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Fig.  501.— Thury's 
Automatic  Regu- 
lator Booster. 
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or,  if  in  parallel  they  can  carry  4000  amperes  with  a  boosting 
voltage  of  50  volts.     Fig.  502  depicts  the  apparatus. 

Figs.  503  and  504  depict  another  apparatus  designed 
by  M.  Thury,  of  a  different  character,  namely,  a  small 
generator,  shunt-wound,  having  on  the  end  of  the  shaft  a 
.second  smaller  armature,  revolving  in,  a  separate  field  excited 
in  series.  This  second  armature  is  for  boosting  a  portion  of 
the  current  for  charging  a  battery  of  accumulators.  The 
arrangement,  which  is  intended  for  hotels  and  isolated  instal- 
lations, is  interesting  as  showing  the  relation  between  boosting 
and  compounding.     If  the  whole   current  had  to  be  boosted 


KiG.  502.— Thury  Bouster  (Milan),  for  GiviNr:  50  Volts  Additional 

PKESSUKB  to  4000  AU PERES. 

the  series  winding  might  have  been  put  on  the  field-magnet 
of  the  generator,  and  one  armature  would  suffice, 

Plate  XXX.  depicts  a  large  booster  constructed  by  the 
Elektrizitats  Aktien  Gesellschaft,  of  Frankfurt  (formerly  the 
Lahmeyer  Co.),  for  the  Charing  Cross  Supply  Company,  for 
taking  a  current  of  1000  amperes  at  200  volts  and  boosting  it 
up  to  260  volts.  The  booster  proper  would,  therefore,  be 
described  as  a  60  kw.  separately  excited  generator.  It  is 
driven  by  a  shunt  motor  which  takes  about  72  kw,  of  power, 
namely  360  amperes  at  200  volts.  Both  machines  are 
6-polar.  As  one  armature  has  to  carry  about  three  times  as 
much  current  as  the  other,  and  at  about  one-third  the  voltage. 
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they  are  designed  to  have  the  same  size  of  slot  and  the  same 
size  of  conductor,  the  motor  armature  having  a  wave-winding 
with  two  circuits,  and  the  booster  armature  a  wave-winding 
with  six  circuits  in  parallel  The  machine  runs  at  550  revolu  - 
tions  per  minute.  The  following  are  the  principal  dimensions 
in  millimetres : 


1 
Motor.         1 

GeneraKor. 

Armature. 

1                                                          \ 

1 

Number  of  slots icx> 

90 

Breadth  of  slot 

i          8-2 

8-2 

Depth        „ 

1       32 

32 

Diameter  of  core 

1     670 

682 

Length 

240 

240 

Air-gap. 

7 

6 

Size  of  conductor,  bare 

6  X  12 

1 

6  X  12 

Conductors  per  slot 

2 

2 

Winding  pitches  g;^°^^ 

1 

+  33 
+  33 

+  29 
+  29 

Segments  of  commutator 

• 

100 

90 

Fidd*  Magnet. 

Number  of  bobbins     *    . 

■                   ■                  •                   ■ 

6 

6 

Arrangement  of  bobbins 
Diameter  of  wire 
Turns  per  bobbin 

• 

• 
■ 
• 

!  . 
in  one  senes 

{    I '2  bare 

\2'i  covered 

X410 

in  one  series 

2  bare 

2*3  covered 

1200 

Maximum  exciting  curren 

t 

■ 

■                   ■ 

4 

1 

5 

1 

Design  of  Boosters. 

From  the  foregoing  considerations,  it  will  be  evident  that 
the  design  of  boosters  involves  some  departures  from  that  of 
other  continuous-current  machines.  They  have  to  deal  with 
heavy  currents,  and  therefore  require  very  large  commutators, 
often  double  commutators.  They  have  to  generate  low 
electromotive-forces,  and  therefore  have  some  points  in 
common  with  machines  for  electrotyping.  To  keep  the 
resistance  low  and  to  subdivide  the  current  between  several 
sets   of  brushes,   the   design   should   be   multipolar.     There 
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should  be  ample  section  of  iron  in  the  magnets,  and  the  flux- 
density  should  be  low  so  as  to  keep  the  field  strength  fairly 
proportional  to  the  current.  As  the  booster  is  rarely  working 
at  its  maximum  current,  the  current  density  in  the  copper 
may  be  very  high.  In  reversible  boosters  the  whole  of  the 
iron   of  the  magnets  should  be  laminated  to  ensure  quick 


reversal.  In  these  machines,  with  their  field  necessarily  weak 
even  at  times  when  the  armature-current  is  large,  the  reaction 
of  the  armature  becomes  very  important,  and  spark-troubles 
arise  unless  the  greatest  care  is  taken  in  the  design.  They 
ought  to  be  compounded,  and  indeed  would  be  better  if  cross- 
compounded  on  the  plan  of  Ryan  or  of  D^ri. 
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CHAPTER  XXV. 

CONTINUOUS-CURRENT   MOTORS. 

Having  dealt  with  the  dynamo  in  its  function  as  a  generator 
of  currents,  we  now  come  to  its  converse  function,  namely 
that  of  converting  the  energy  of  electric  currents  into  the 
energy  of  mechanical  motion. 

An  electric  motor ^  or  as  it  was  formerly  called,  an  electro- 
magnetic engine^  is  one  which  does  mechanical  work  at  the 
expense  of  electrical  energy  furnished  to  it  through  conducting 
mains  from  some  external  source. 

It  is  impossible  within  the  limits  of  this  work  to  deal  with 
the  various  stages  ^  of  discovery  and  invention.  The  work 
of  Page,  Davidson,  Hjorth  and  others  is  alluded  to  in  the 
Historical  Notes  at  the  beginning  of  this  book.  But  the  real 
development  came  after  the  commercial  introduction  of 
Gramme's  dynamos  in  187 1,  as-  engineers  began  to  under- 
stand how  two  machines  could  be  used — one  as  generator,  the 
other  as  motor — to  transmit  power  through  a  line. 

All  the  earlier  attempts  to  introduce  electric  motors  came 
to  nothing,  for  two  reasons.  Firstly,  at  that  time  there  was 
no  economical  method  of  generating  electric  currents  known  ; 
secondly,  the  great  physical  law  of  the  conservation  of  energy 

'  An  excellent  account  of  the  early  fonns  of  electric  motor,  t>oili  European  and 
American,  is  to  be  found  in  Martin  and  Wetzler's  The  Electric  Motor  and  its 
Applications^  third  edition,  1891.  All  readers  interested  in  the  subject  should  also 
consult  the  paper  on  Electro-magnetism  as  a  Motive  jPcrdfer^  by  the  late  R.  Hunt, 
in  Proc,  Inst.  Civil  Engineers^  xvi.  April  1 857,  together  wiih  the  discussion  that 
followed  it,  in  which  part  was  taken  by  Professor  Thomson  (now  Lord  Kelvin), 
Mr.  (afterwards  Sir  William)  Grove,  Professor  Tyndall,  Mr.  Cowper,  Mr.  Smee 
and  Mr.  Robert  Stephenson.  For  modern  motors  they  should  consult  Kapp's 
The  Electric  Transmission  of  Po7oer^  Snell's  Electric  Motive  Poiver. 
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was  not  fully  recognised,  and  its  all-important  bearings  upon 
the  theory  of  electric  machinery  could  not  be  foreseen. 

While  voltaic  batteries  were  the  only  available  sources  of 
electric  currents,  economical  working  of  electric  motors  was 
hopeless  ;  for  a  voltaic  battery  wherein  electric  currents  are 
generated  by  dissolving  zinc  in  sulphuric  acid  is  a  very  ex- 
pensive source  of  power.  To  say  nothing  of  the  cost  of  the 
acid,  the  zinc — the  very  fuel  of  the  battery — costs  more  than 
twenty  times  as  much  as  coal,  and  is  a  far  worse  fuel ;  for 
whilst  an  ounce  of  zinc  will  evolve  heat  to  an  amount 
equivalent  to  113,000  foot-pounds  of  work,*  an  ounce  of  coal 
will  furnish  the  equivalent  of  695,000  foot-pounds. 

The  fact,  however,  which  seemed  most  discouraging,  but 
which,  if  it  had  been  rightly  interpreted  in  accordance  with 
the  laws  of  conservation  of  energy,  would  have  been  found 
most  encouraging,  was  the  following : — If  a  galvanometer  was 
placed  in  the  circuit  with  the  electric  motor  and  the  batter}^  it 
was  found  that  when  the  motor  was  running  the  battery  was 
unable  to  force  through  the  wires  so  strong  a  current  as  that 
which  flowed  when  the  motor  was  standing  still.  The  faster 
the  motor  ran,  the  weaker  did  the  current  become.  Now 
there  are  only  two  causes  that  can  stop  such  a  current  flowing 
in  a  circuit ;  there  must  be  either  an  obstructive  resistance  or 
else  a  counter  electromotive-force.  At  first,  the  common  idea 
was,  that  when  the  motor  was  spinning  round,  it  offered  a 
greater  resistance  to  the  passage  of  the  electric  current  than 
when  it  stood  still.  The  genius  of  Jacobi  *  enabled  him, 
however,  to  discern  that  the  observed  diminution  of  current 
was  really  due  to  the  fact  that  the  motor,  by  the  act  of 
spinning  round,  began  to  work  as  a  dynamo  on  its  own 
account,  and  tended  to  set  up  a  current  in  the  circuit  in  the 

*  A  convenient  way  of  regarding  the  economic  question  from  the  point  of  view 
of  the  cost  of  the  voltaic  battery  is  afforded  by  the  following  calculation.  Sup- 
posing the  electric  motor  to  convert  all  the  electric  energy  of  the  battery  without 
loss  into  mechanical  energy,  the  amount  of  zinc  used  per  horse-power  in  one 
hour  will  be  almost  exactly  two  pounds  divided  by  the  voles  of  electromotive- 
force  of  the  cell  employed  in  the  battery. 

*  M^moire  sur  f  application  de  P eUciromagnetisme  an  motiV€nient  des  machina 
par  M.  H.  Jacobi  (Potsdam,  1835). 
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opposite  direction  to  that  which  was  driving  it.  The  faster  it 
rotated  the  greater  was  the  counter  electromotive-force  (or 
"  electromotive-force  of  reaction  ")  which  was  developed.  In 
fact,  the  theory  of  the  conservation  of  energy  requires  ^  that 
such  a  reaction  should  exist.  Joule,^  by  further  experiment, 
found  that  the  counter  electric  action  is  proportional  to  the 
velocity  of  rotation  and  to  the  magnetism  of  the  magnets. 

Two  points  are  vital  to  the  right  understanding  of  the 
action  of  electric  motors  :  (i)  The  propelling  drag  ;  (2)  the 
counter  electromotive-force.  The  first  is  that  the  real  driving- 
force  which  propels  the  revolving  armature  is  the  drag  which 
the  magnetic  field  exerts  upon  the  armature  wires  through 
which  the  current  is  flowing,  or,  in  the  case  of  deeply-toothed 
armatures,  on  the  protruding  teeth:  the  second  is  that  the 
revolving  armature  generates  a  counter  electromotive-force  as 
its  moving  wires  cut  the  magnetic  lines. 

The  Propelling  Drag, — In  Chapter  IX.,  on  the  mechanical 
actions  in  armatures,  the  drag,  which  a  magnetic  field  exerts 
on  a  conductor  carrying  a  current,  has  been  explained,  and 
calculations  about  its  magnitude  given.  In  a  generator  the 
drag  acts  in  a  direction  which  opposes  the  rotation,  and  is,  in 
fact,  a  counter-force  or  reaction  against  the  driving  force.  In 
a  motor  the  drag  is  the  driving  force,  and  produces  the 
rotation.  In  machines  with  toothed  cores  and  sunk  windings 
this  drag  comes  almost  entirely  upon  the  iron  teeth. 

Tlu  Counter  Electromotive-force. — Let  it  be  remembered 
that  wherever  in  an  electric  circuit,  current  flows  through 
some  portion  of  the  circuit  in  which  there  is  an  electromotive- 
force,  the  current  will  there  either  receive  or  give  up  energ}^ 
according  to  whether  the  electromotive-force  acts  with  the 
current  or  against  it.  This  will  be  made  clearer  by  Fig.  505 
representing  a  circuit  in  which  there  are  a  dynamo  and  a 
motor.  Each  is  rotating  right-handedly,  and  therefore 
generates  an  electromotive-force  tending  upwards  from  the 

^  For  a  simple  explanation  of  the  necessity  of  a  counter  electromotive-force, 
see  the  author's  E/enuntary  Lfssons  in  EUctricity  and  Magnetism  (edition  of 
1900,  p.  443). 

-  Annals  of  Electricity ^  viii.  219,  1842,  and  Scitntific  Paters^  P»  47^ 
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lower  brush  to  the  higher.  In  each  case  the  upper  brush  is 
the  positive  one.  But  in  the  dynamo,  where  enei^y  is  being 
supplied  to  the  circuit,  the  electromotive- force  is  in  the 
same  direction  as  the  current ;  whilst  in  the  motor  where  work 
is  being  done,  and  energy  is  leaving  the  circuit,  the  electro- 
motive-force is  in  a  direction  which  opposes  the  current. 
There  ought  to  be  no  difficulty  in  understanding  that  this 
electric  reaction  is  an  essential  of  motor  working. 

OCNERATOR  MOTOR 


Fio.  505. 

Consider  the  converse  case,  when  we  are  employing  me- 
chanical power  to  generate  currents  by  rotating  a  dynamo. 
Directly  we  begin  to  generate  currents,  that  is  to  say,  directly 
we  begin  to  do  electric  work,  it  immediately  requires  much 
more  power  to  turn  the  dynamo  than  is  the  case  when  no 
electric  work  is  being  done.  In  other  words,  there  is  an 
opposing  reaction  to  the  mechanical  force  which  we  apply 
in  order  to  do  electric  work.  An  opposing  reaction  to  a 
mechanical  force  may  be  termed  a  "  counter-force."  When, 
on  the  other  hand,  we  apply  (by  means  of  a  voltaic  battery, 
for  example)  an  electro  motive -force  to  do  mechanical  work, 
wo  find  that  here  again  there  is  an  opposing  reaction  ;  and 
an  opposing  reaction  to  an  electromotive -force  is  a  "counter 
elect  romotive-force." 
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The  experiment  of  showing  the  existence  of  this  counter 
electromotive-force  is  a  very  easy  one.  All  one  requires  is  a 
little  motor  with  a  powerful  field-magnet,^  a  few  cells  of 
battery  of  small  internal  resistance,  and  an  amperemeter. 
They  should  be  connected  up  in  one  circuit,  and  the  deflexion 
of  the  amperemeter  should  be  observed  when  the  motor  is 
held  fast,  and  when  it  rotates  with  small  and  large  loads.  In 
an  experiment,  made  on  a  motor  with  separately-excited 
magnets,  the  following  figures  were  obtained  : — 


Revs,  per  min.    .     .  c  50  100  160  180  195 

Amperes       ...         20  16-2         i2"2  7*8  6*1  5-1 


Apparently,  if  the  motor  had  been  helped  on  to  run  at  261 J 
revolutions  per  minute,  the  current  would  have  been  reduced 
to  zero.  The  current  of  S  *  I  amperes  was  needed  to  drive  the 
armature  against  its  own  friction  at  the  speed  of  195. 

Upon  the  existence  and  magnitude  of  this  counter  electro- 
motive-force depends,  in  fact,  the  degree  to  which  any  given 
motor  enables  us  to  utilize  electric  energy  that  is  supplied  to 
it  in  the  form  of  an  electric  current.  In  discussing  dynamos 
as  generators,  many  considerations  were  pointed  out,  the 
observance  of  which  would  tend  to  improve  their  efficiency. 
It  is  needless  to  say  that  such  considerations  as  the  avoidance 
of  useless  resistances,  unnecessary  metal  masses  in  cores,  and 
the  like,  apply  equally  to  motors.  The  freer  a  motor  is  from 
such  defects,  the  more  efficient  will  it  be.  But  the  efficiency 
of  a  motor  in  utilizing  the  energy  of  a  current  depends  not 
only  on  its  efficiency  in  itself,  but  on  another  consideration, 
namely  the  relation  between  the  electromotive-force  which  it 
itself  generates  when  rotating,  and  the  electromotive-force  or 
electric  pressure  at  which  the  current  is  supplied  to  it.  A 
motor  which  itself  in  running  geruerates  only  a  loiv  electro- 
motive-force cannot,  however  well  designed,  be  an  efficient  or 
economical  motor  when  supplied  with  currents  at  a  high 
electromotive-force. 

*  One  of  any  ordinary  type — a  magneto-machine  or  a  series-wound  motor  will 
answer. 
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Elementary  Theory  of  Electric  Motive  Power. 

It  will  be  shown,  mathematically,  that  the  efficiency  with 
which  a  perfect  motor  utilizes  the  electric  energy  of  the 
current,  depends  upon  the  ratio  between  the  counter  electro- 
motive-force developed  in  the  armature  of  the  motor  and  the 
electromotive-force  of  the  current  which  is  supplied  by  the 
battery.  No  motor  ever  succeeded  in  turning  into  useful  work 
the  whole  of  the  energy  that  is  supplied,  for  it  is  impossible  to 
construct  machines  devoid  of  friction  or  to  obtain  conductors 
devoid  of  resistance  ;  and  whenever  resistance  is  offered  to  a 
current,  part  of  the  energy  of  the  current  is  wasted  in  heating 
the  wires  that  offer  the  resistance.  Let  the  symbol  W  stand 
for  the  electric  power  supplied  by  the  mains  to  an  electric 
motor,  and  let  w  stand  for  that  part  which  the  motor  takes 
up  as  useful  power  from  the  circuit,^  These  symbols  may 
stand  for  the  numbers  of  ivatts  respectively  supplied  and 
utilized.  All  that  part  of  the  energy  of  the  current  which  is 
not  utilized  by  the  motor,  and  transformed  into  useful  work, 
will  be  wasted  in  useless  heating  of  the  resistances.  The 
watts  lost  in  heating  will  therefore  be  equal  to  W  —  2«;. 

But  if  we  want  to  work  our  motor  under  the  conditions  of 
greatest  economy,  it  is  clear  that  we  must  have  as  little  heat- 
waste  as  possible  ;  or,  in  symbols,  w  must  be  as  nearly  as 
possible  equal  to  W.  It  will  be  shown  mathematically  that 
the  ratio  between  the  useful  energy  thus  appropriated  and 
the  total  energy  spent,  is  equal  to  the  ratio  between  the 
counter  electromotive-force  of  the  motor  and  the  electromotive- 
force  of  supply.  (As  it  is  not  wished  here  to  complicate 
general  considerations  by  introducing  into  the  expression  for 
the  efficiency  the  energy  wasted  in  heat  in  the  field-magnet 

^  The  symbol  w  must  be  ckarly  understood  to  refer  to  the  power  taken  up  by 
the  motor,  as  measured  electrically.  The  whole  of  this  power  will  not  appear  as 
useful  mechanical  effect  however,  for  part  will  be  lost  by  mechanical  friction,  and 
a  minute  percentage  also  in  the  wasteful  production  of  eddy  currents  in  the 
moving  parts  of  the  motor.  What  proportion  of  w  appears  as  useful  mechanical 
power  depends  on  the  efficiency  of  the  motor  per  se,  which  we  are  not  here 
considering.  In  all  that  immediately  follows  we  shall  suppose  such  causes  of  loss 
not  to  exist,  or  the  motor  will  be  considered  as  a  perfect  motor. 
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colls  of  the  motor,  we  here  assume  that  the  magnetism  of  the 
field-magnets  is  independently  excited.)  The  proof  will  be 
given  later.  Let  us  denote  this  whole  electromotive-force  with 
which  the  mains  supply  the  motor  (i.  e.  the  volts  measured 
across  the  terminals  of  the  motor)  by  the  symbol  V,  and  let 
us  call  the  internal  counter  electromotive-force  E.  Then  the 
rule  is 

zc;  __  E 

W""  V* 

But  we  may  go  one  stage  further.  If  the  motor  be  prevented 
from  turning,  the  current,  as  calculated  by  Ohm's  law,  would 
be 

V    • 

R* 


C.  = 


If  the  resistances  of  the  circuit  are  constant,  the  current  C, 
observed  when  the  motor  is  running,  will  be  less  than  C^. 

r  .  V-- E 
^ R~' 

where  R  is  the  total  resistance  of  the  circuit.     Hence 

C^  —  C  _  E  _  w 

From  which  it  appears  that  we  can  calculate  the  efficiency  of 
which  the  motor  is  working,  by  observing  the  ratio  between 
the  fall  in  the  strength  of  the  current  and  the  original  strength. 
Though  this  mathematical  law  of  efficiency  had  been  known 
for  forty  years  it  was  for  long  ignored  or  misunderstood. 
Another  law,  discovered  by  Jacobi,  not  a  law  of  efficiency  at 
all,  but  a  law  of  maximum  work  in  a  given  time,  was  given 
instead.  A  machine  does  not  generally  do  its  work  with  the 
best  economy  when  it  performs  the  greatest  work  in  the 
least  possible  time  ;  and  the  maximum  economy  or  efficienc>' 
of  an  electric  motor  is  not  necessarily  when  its  output  is  at  a 
maximum. 

Jacobi's  law  concerning  the  maximum  power  of  an  electric 
motor  supplied  with  currents  from  a  source  of  given  electro- 
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motive-force  is  the  following: — The  output  of  power  by  a 
motor  is  a  maximum  when  the  motor  is  geared  to  run  at  such 
a  speed  that  the  current  is  reduced  to  half  the  strength  that  it 
would  have  if  the  motor  was  stopped.  This,  of  course,  implies 
that  the  counter  electromotive -force  of  the  motor  is  equal  to 
half  the  electromotive-force  of  supply.  Now,  under  these 
circumstances,  only  half  the  energy  furnished  by  the  external 
source  is  utilized,  the  other  half  being  wasted  in  heating  the 
circuit.  If  Jacobi's  law  was  indeed  the  law  of  efficiency,  no 
motor,  however,  perfect  in  itself,  could  convert  more  than 
50  per  cent,  of  the  electric  energy  supplied  to  it  into  actual 
work.  And  if  it  were  to  waste  half  its  energy  on  heating 
itself  its  insulation  would  at  once  be  burned  out.  In  fact, 
if  the  motor  be  arranged  so  as  to  do  its  work  at  less  than  the 
maximum  rate,  by  being  geared  so  as  to  do  much  less  work 
per  revolution,  but  yet  so  as  to  run  at  a  higher  speed,  it  will 
be  more  efficient ;  that  is  to  say,  though  it  does  less  work, 
there  will  also  be  still  less  electric  energy  expended,  and  the 
ratio  of  the  useful  work  done  to  the  energy  expended  will  be 
nearer  unity  than  before.  Or,  instead  of  gearing  it  up  to  run 
fast,  we  may  gain  the  same  advantage  by  strengthening  its 
field-magnets. 

The  true  law  of  efficiency  was  clearly  stated  by  Lord  Kelvin  in 
1 85 1,  and  is  recognised  in  a  paper  by  Joule  at  about  the  same  date. 
Jacobi  seems  very  clearly  to  have  understood  that  his  law  was  a  law 
of  maximum  working,  but  not  to  have  understood  that  it  was  not  a 
law  of  true  economical  efficiency.  Jacobi's  law  is  not  a  law  of 
maximum  efficiency,  but  a  law  of  maximum  output;  and  that  is 
where  the  error  creeps  in.  It  is  significant,  in  suggesting  the  cause 
of  this  remarkable  conflict  of  idea^,  that  throughout  the  memoir 
which  he  published  in  1852,  Jacobi  speaks  of  work  as  being  the 
product  of  force  and  velocity,  not  of  force  and  displacement.  The 
same  mistake  is  common  enough  among  Continental  writers.  Now 
the  product  of  force  and  velocity  is  not  work,  but  work  divided  by 
time,  that  is  to  say,  "  power,"  or  "  rate  of  working,"  or  "  activity  " 
This  may  account  for  the  widely-spread  fallacy.  M.  Mascart  in  1877 
pointed  out  in  the  Journal  de  Physique^  p.  205,  how  in  a  magneto- 
electric  machine  the  efficiency  rises  with  the  speed  up  to  a  limiting 
value  ;  and  he  discussed  the  efficiency  of  various  types  of  generators 
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and  motors,  and  of  the  transmission  of  power  bet^'een  two  machines. 
In  a  paper  by  Achard  in  the  Annales  dcs  Mines  in  January  1879,  a 
clear  distinction  is  drawn  between  the  maximum  activity  and  the 
efficiency  of  a  motor,  and  he  points  out  how  as  the  latter  increases  to 
a  maximum,  the  former  falls  to  zero.  In  April,  Sir  C.  W.  Siemens 
and  Lord  Kelvin  gave  evidence  on  electric  transmission  before  a 
Parliamentary  Committee,  the  latter  showing  that  it  was  possible  to 
transmit  21,000  H.P.  through  a  copper  wire  ^-inch  in  diameter,  to 
300  miles,  provided  a  potential  of  80,000  volts  was  used.  Later  in 
the  same  year  Professors  Elihu  Thomson  and  Houston,  basing  their 
remarks  up)on  the  suggestions  of  Kelvin  and  Siemens,  proposed  to 
obtain  economic  results  by  connecting  in  series  several  dynamos  at 
one  end  of  a  line,  and  several  motors  at  the  other,  so  as  to  work 
with  small  currents  and  high  electromotive-forces.  The  advantage 
of  high  voltage  in  both  dynamo  and  motor  at  the  two  ends  of  the 
line  was  never  better  or  more  clearly  put  than  by  Prof.  W.  E.  Ayrton, 
in  his  lecture  on  "  Electric  Transmission  of  Power,"  before  the  British 
Association,  in  Sheffield  in  August  1879.  These  high  voltages  he 
proposed  to  obtain  not  by  increasing  the  magnetism  but  by  increasing 
the  speed,  and  by  separate  excitation  of  both  dynamo  and  motor. 
The  gain  in  economy  by  allowing  the  motor  to  run  at  a  high  speed 
with  efficiency  increasing  as  its  speed  increases,  was  also  pointed  out 
by  Dr.  Werner  von  Siemens  in  his  address  to  the  Naturforscher 
meeting  in  September  1879  (see  Werner  von  Siemens*  IVissensc/iaft- 
iichen  und  Technischen  Arbeiten^  ii.  374). 

Theory  of  Motors, — II  V  be  the  electromotive-force  of  the 
mains  supplying  the  current  to  the  motor  when  the  motor  is 
at  rest,  and  C  be  the  current  which  flows  at  any  time,  the 
whole  electric  power  W  expended  will  be  the  product  of 
the  whole  of  the  applied  volts  multiplied  by  the  whole  of  the 
amperes,  or, 

(Total  watts)  W  =  V  C  =  V  ^^  ~  ^^  ;  [I] 

where  R  is  the  resistance  through  the  armature  of  the  motor. 
Now,  when  the  motor  is  running,  part  of  this  electric 
power  is  being  spent  in  doing  work,  and  the  remainder  is 
wasting  itself  in  heating  the  wires  of  the  circuit.  The  useful 
part  may  be  similarly  written  down,  as  the  product  of  the 
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armature's  own  volts  (the  counter  electromotive-force)  and  the 
amperes,  or 

(useful  watts)  ze/  =  E  C  =  E  ^^"^  .      .       [II] 

All  the  power  which  is  not  thus  utilized  is  wasted  in 
heating  the  resistances.     So  we  may  write — 

Power  supplied  =  power  utilized  +  power  wasted  in  heating 

or,  W  =  zc;  +  watts  wasted  in  heating. 

But,  by  Joule's  law,  the  heat-waste  of  the  current  whose 
strength  is  C  running  through  resistance  R,  is  expressed  by 
the  equation 

=  C*  R  (watts). 

Substituting  this  value  above,  we  get 

W  =  ze;  +  C»  R. 

Comparing  equation  [I]  with  equation  [II]  we  get  the 
following : — 

w  ^  E  (V  -  E)  . 

W      V  (V-  E) ' 
or,  finally, 

^  =?: riiii 

\V      V 

This  is,  in  fact,  the  mathematical  law  of  efficiency,  so  long 
misunderstood  until  Siemens  showed  its  practical  significance. 
We  may  appropriately  call  it  t/te  law  of  Sietnens.     Here  the 

It) 
ratio  ^YT  is  the  measure  of  the  efficiency  of  the  motor,  and 
W 

the  equation  shows  that  we  may  make  this  efficiency  as  nearly 
equal  to  unity  as  we  please,  by  so  adjusting  either  the 
magnetism  of  the  field-magnets  or  the  speed  of  the  motor  that 
E  is  very  nearly  equal  to  V. 

Now  the  power  utilized  is  equal  to  the  difference  between 
the  total  power  supplied  and  the  part  wasted  in  heat,  or  in 
symbols, 

ze;i=VC-C^R,  .     .       .     [IV] 

I.  3  F 


f 
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In  order  to  find*  what  value  of  C  will  give  us  the  n^aximum 
value  for  w  (which  is  the  work  done  by  the  motor  ///  unit 
iime\  we  must  take  the  differential  coefficient  and  equate  it 
to  zero : 

whence  we  have 

But,  by  Ohm's  law,  V/R  is  the  value  of  the  current  when  the 
motor  stands  still.  So  we  see  at  once  that,  to  get  maximum 
work  per  second  out  of  our  motor,  the  motor  must  run  at  such 
a  speed  as  to  bring  down  the  current  to  half  the  value  which 
it  would  have  if  the  motor  were  at  rest.  In  fact,  we  here 
prove  the  law  of  Jacobi  for  the  maximum  rate  of  doing  work 
But  here,  since 


it  follows  that 


or 


^  R  *R' 


V-E==iV, 
E 


*  The  argument  can  be  proven,  Uiough  less  simply,  without  the  calculus,  as 
follows  :  write  equation  f  IV]  in  the  following  form  : 

C«R-VC  +  a/=o. 

Solving  this  as  an  ordinary  quadratic  equation,  in  which  C  is  the  unknown 
quantity,  we  have 

2R 

To  find  from  this  what  value  of  C  corresponds  to  the  greatest  value  of  tc\  it  may 
be  remembered  that  a  negative  quantity  cannot  have  a  square  root,  and  that 
therefore  the  greatest  value  that  w  can  possibly  have  will  occur  when 

4  R  w  =  V% 

for  then  the  term  under  the  root  sign  will  vanish.  When  this  condition  is 
observed  it  will  follow  that 

c  =  Y_, 

2K' 

or  the  current  will  be  reduced  to  half  its  original  value. 
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whence  it  follows  also  that 

5^  =  4. 

w 

That  is  to  say,  the  efficiency  is  but  50  per  cent,  when  the 
motor  does  its  work  at  the  maximum  rate.^ 


Graphic  Representation  of  Laws  of  Motors. 

Several  graphic  constructions  have  been  suggested  to 
convey  these  facts  to  the  eye  ;  one  of  these  enables  us,  in  one 
diagram,  to  exhibit  graphically  both  the  law  of  maximum 
rate  of  working,  and  the  law  of  efficiency.^ 

Let  the  vertical  line,  A  B  (Fig.  506),  represent  the  electro- 
motive-force V,  of  the  electric  supply.  On  A  B  construct  a 
square  A  B  C  D,  of  which  let  the  diagonal  B  D  be  drawn. 
Now  measure  out  from  the  point  B,  along  the  line  B  A,  the 
counter  electromotive-force  E  of  the  motor.     The  length  of  this 

•i  ^  It  may  be  worth  while  to  recall  a  precisely  parallel  case  that  occurs  in 
calculating  the  currents  from  a  voltaic  battery.  Everyone  is  familiar  with  the 
rule  for  grouping  a  battery  which  consists  of  a  given  number  of  cells,  that  they 
will  yield  a  maximum  current  through  a  given  external  resistance  when  so  grouped, 
that  the  internal  resistance  of  the  battery  shall,  as  nearly  as  possible,  equal  the 
external  resistance.  But  this  rule,  which  is  true  for  maximum  current  (and, 
therefore,  for  maximum  rate  of  using  up  the  zinc  of  one's  battery),  is  not  the 
case  of  greatest  economy.  For  if  external  and  internal  resistance  are  equal,  half 
the  energy  of  the  current  will  be  wasted  in  the  heat  of  the  cells,  and  half  only  will 
be  available  in  the  external  circuit :  If  we  want  to  get  the  greatest  economy,  we 
should  group  our  cells  so  as  to  have  an  internal  resistance  much  less  than  the 
external.  We  shall  not  get  so  strong  a  current,  it  is  true ;  and  we  shall  use  up 
our  zincs  more  slowly ;  but  a  far  greater  proportion  of  the  energy  will  be  expended 
usefully,  and  a  far  less  proportion  will  be  wasted  in  heating  the  battery  cells. 
The  maximum  economy  will  of  course  be  got  by  making  the  external  resistance 
infinitely  great  as  compared  with  the  internal  resistance.  Then  all  the  energy  of 
the  current  will  be  utilized  in  the  external  circuit,  and  none  wasted  in  the  battery. 
But  it  would  take  an  infinitely  long  time  to  get  through  a  finite  amount  of  work 
in  this  extreme  case.  The  same  kind  of  reasoning  is  strictly  applicable  to 
dynamos  used  as  generators,  the  resistance  of  the  armature  part  of  the  circuit  being 
the  counterpart  of  the  internal  resistance  of  the  battery  cells.  For  good  economy, 
I  he  resistance  of  the  armature  should  be  very  low  as  compared  with  that  of  the 
external  circuit. 

-  See  paper  by  the  author  in  the  Philosophical  Magazine,  Feb.  1S83. 
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Fig.  506. 


quantity  will  increase  as  the  velocity  of  the  motor  increases. 

Let  E  attain  the  value  B  F.     Let  us  inquire  what  the  actual 

current  will  be,  and  what  the  energy  of 
it ;  also  what  the  work  done  by  the 
motor  is.  First  complete  the  con- 
struction as  follows: — Through  F 
draw  F  G  H,  parallel  to  B  C,  and 
through  G  draw  K  G  L,  parallel  to  A  B. 
Then  the  actual  electromotive-force 
at  work  in  the  machine  producing  a 
current  is  V  —  E,  which  may  be  repre- 
^  sented  by  any  of  the  lines  A  F,  KG. 

G  H,   or    L  C.      Now    the    electric   energy    expended    per 

V  —  E 

second  is  V  C  ;  and  since  C  =       ^      ,  it  may  be  written  as 

V(V-E). 
R 

and  the  electric  energy  utilized  by  the  motor,  measured  in 

waits,  is 

E  ( V  -  E) 

R 

R  being  a  constant,  the  values  of  the  two  are  proportional 
to 

V(V-  E)andE(V-E). 

Now  the  area  of  the  rectangle 

AFHD  =  V(V-EX 

and  that  of  the  rectangle 

G  L  C  H  =  E  (V  -  E). 

T/ie  ratio  of  tJtese  two  areas  on  tJie  diagram  is  tfu  efficiency  of  a 
perfect  motor ,  under  the  condition  of  a  given  constant  electro* 
motive-force  in  the  electric  supply. 

Turn  to  Fig.  507,  in  which  these  areas  are  shaded.  This 
figure  represents  a  case  where  the  motor  is  too  heavily  loaded 
and  can  turn  only  very  slowly,  so  that  the  counter  electro- 
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motive-force  E  is  very  small  compared  with  V,  Here  the  area 
which  represents  the  ener^  expended,  is  very  large  ;  while  that 
which  represents  useful  work  realized  in  the  motor  is  very 
small.  The  efficiency  is  obviously  very  low.  Two-thirds  or 
more  of  the  energy  is  being  wasted  in  heat. 

So   far  we  have  assumed  that  the  efficiency  of  a  motor 
(working  with  a  given  constant  external  electromotive- force) 
is    to    be    measured    electrically. 
But    no    motor    actually   converts  V 

into  useful  mechanical    effect   the 
whole  of  the  electrical  energy  which 
it  absorbs,  since  part  of  the  energy     V  -s 
is  wasted  in  friction  and   part   in 
wasteful  electro-magnetic  reactions 

between  the  stationary  and  moving  ^ 

parts  of  the  motor.     What  we  are 
expressing  thus  as  useful  work   is  ^"^ 

the  work  actually  delivered  to  the  *"'"■  S"-"- 

armature  to  drive   it     It  is  mere 

matter  of  good  engineering  how  small  a  percentage  of  this 
must  be  discounted  for  friction  in  the  bearings,  eddy-currents. 
hysteresis  and  the  like.  If,  however,  we  might  consider  the 
motor  to  be  ^.perfect  engine  (devoid  of  friction,  not  producing 
wasteful  eddy-currents,  running  without  sound,  giving  no 
sparks  at  the  collecting-brushes,  etc),  then  we  might  take  the 
mechanical  output  as  being  precisely  equal  to  the  actual  power 
delivered  electrically  to  the  armature.  Such  a  "  perfect"  electric 
engine  would,  like  the  ideal  "perfect"  heat  engine  of  Carnot, 
be  perfectly  reversible.  In  Carnot'sheat  engine  it  is  supposed 
that  the  whole  of  the  heat  actually  absorbed  in  the  cycle  of 
operations  is  converted  into  useful  work  ;  and  in  this  case  the 
efficiency  is  the  ratio  of  the  heat  absorbed  to  the  total  heat 
expended.  As  is  well  known,  this  efficiency  of  the  perfect 
heat  engine  can  be  expressed  as  a  function  of  two  absolute 
temperatures,  namely  those  respectively  of  the  heater  and  of 
the  refrigerator  of  the  engine.  Carnot's  engine  is  also  ideally 
reversible  ;  that  is  to  say,  capable  of  reconverting  mechanical 
work  into  heat. 
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The  mathematical  law  of  efficiency  of  a  perfect  electric 
engine  illustrated  in  the  above  construction  is  an  equally  ideal 
case  ;  and  the  efficiency  can  also  be  expressed,  when  the 
constants  of  the  case  are  given,  as  a  function  of  two  electro- 
motive-forces. 

Laiv  of  Maximum  Activity  (Jacobi).  Let  us  next  con- 
sider the  area  G  L  C  H  of  the  diagram  (Fig.  506),  which 
represents  the  work  utilized  in  the  motor.  The  value  of  this 
area  will  vary  with  the  position  of  the  point  G,  and  will  be 
a  maximum  when  G  is  midway  between  B  and  D  ;  for  of  all 
rectangles  that  can  be  inscribed  in  the  triangle  BCD,  the 
square  will  have  maximum  area  (Fig.  508),  But  if  G  is 
midway  between  B  and  D,  the  rectangle  G  L  C  H  will  be 
exactly  half  the  area  of  the  rectangle  A  F  H  D  ;  or,  the 
useful  work  is  equal  to  half  the  energy  expended.  When 
this  is  the  case,  the  counter  electromotive-force  reduces  the 
current  to  half  the  strength  it  would  have  if  the  motor  were  at 
rest :  which  is  Jacobi's  law  of  the  efficiency  of  a  motor  doing 
work  at  its  greatest  possible  rate.  Also  F  will  be  half-way 
between  B  and  A.  which  signifies  that  E  =  i  V. 

Laxu  of  Maxiinutn  Efficiency.— AgaXa,  consider  the  two 
rectangles  when  the  point  G  moves  indefinitely  near  to  D 
(Fig.    509).      We   know   from   common   geometry  that  the 


rectangle  G  L  C  H  is  equal  to  the  rectangle  A  F  G  K.  The 
area  (square)  K  F  H  D,  which  is  the  excess  of  A  F  H  D  over 
A  F  G  K,   represents  therefore  the  electric  energy   which  is 
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wasted  in  heating  the  resistances  of  the  motor.  That  the 
efficiency  should  be  a  maximum  the  heat-waste  must  be  a 
minimum.  In  Fig.  507  this  corner  square,  which  stands  for 
the  heat-waste,  was  enormous.  In  Fig.  508  it  was  exactly  half 
the  energy.  In  Fig.  509  it  is  less  than  one-quarter.  Clearly 
we  may  make  the  heat-waste  as  small  as  we.please,  if  only  we 
will  take  the  point  F  very  near  to  A.  The  efficiency  will  be 
a  maximum  when  the  heat-waste  is  a  minimum.  The  ratio 
of  the  areas  G  L  C  H  and  A  F  H  D,  which  represents  the 
efficiency,  can  therefore  only  become  equal  to  unity  when  the 
square  K  G  H  D  becomes  indefinitely  small — that  is,  when 
the  motor  runs  so  fast  that  its  counter  electromotive-force  E 
differs  from  V  by  an  indefinitely  small  quantity  only. 

It  is  also  clear  that  if  our  diagram  is  to  be  drawn  to  repre- 
sent any  given  efficiency  (for  example,  an  efficiency  of  90  per 
cent.),  then  the  point  G  must  be  taken  so  that  area  G  L  C  H 
=  -^Q  area  A  F  H  D  ;  or,  G  must  be  -^  of  the  whole  distance 
along  from  B  towards  D.  This  involves  that  E  shall  be  equal 
to  ^j^  of  V,  or  that  the  motor  shall  run  so  fast  as  to  reduce 
the  current  to  -j^^  of  what  it  would  be  if  the  motor  were 
standing  still.  Thus  we  verify,  geometrically,  the  law  of 
maximum  efficiency.  If  there  is  leakage  in  the  line,  then 
this  law  will  require  modification,^  for  the  higher  the  counter 
electromotive-force  of  the  motor,  the  higher  will  be  the 
potential  of  the  line  and  the  greater  the  loss  by  leakage. 

It  is  now  evident  what  we  have  to  do  to  obtain  any  desired 
percentage  of  efficiency.  Suppose  current  is  supplied  at  100 
volts  at  the  mains :  then  to  utilize  90  per  cent,  we  must 
employ  as  motor  a  dynamo  which,  when  running  at  its  proper 
speed  and  output,  generates  an  electromotive-force  of  90 
volts. 

We  may  now  extend  the  graphic  method  to  a  further  case. 

Suppose  that  V  is  no  longer  taken  as  a  constant,  but  that  the 
work  to  be  done  by  the  motor  per  second  is  a  constant.  For  this 
case  we  may  write  equation  [II],  p.  801,  as 

E  (V  -  E)  =  w  R. 

*  See  Kapp's  Electric  Transmission  of  Energy^  4lh  edition,  p.  185. 
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This  equation  is  graphically  represented  by  ihe  curve  P  H  Q 
vFig.  sio),  in  which  the  values  oi  V  are  plotted  as  abscissa  and 
those  of  E  as  ordinates.     From  this  curve  it  is  at  once  seen  that 
there  will  be  a  certain  minimum  value  of  V  which  will  suffice  to  give 
to    the   motor    the    prescribed 
amount  of  energy  per  second. 
The  curve  is  so  drawn  that  it 
passes  through  the  corner  H  of 
all  the  areas  equal  to  G  L  C  H 
drawn  to  lit  imdei  the  diagonal 
of  the  square.     Of  these  areas, 
which  represent  equal  work  done 
by  the  motor,  the  one  which  has 
minimum   value    of  V    is   the 
square  which  tits  to  the  apei  of 
the  curve  and  corresponds  to 
the  case  where  V  =  a  E.     This 
Fig.  sio.  result,   which  was  first  pointed 

out  by  Prof.  Carhart,'  is  the 
converse  of  Jacobi's  law,  and,  like  it,  involves  an  efficiency  of  only 
50  per  cent.  A  much  higher  efficency  is  obtained  when  V  and 
E  are  both  greater,  as  indicated  by  the  square  drawn  through  the 
point  h. 

Speed  and  Torque  of  Motors. 

Certain  very  important  relations  subsist  between  the  condi- 
tion of  the  electric  supply  and  the  speed  and  turning-moment 
of  a  motor. 

In  Chapter  IX.,  on  Actions  and  Reactions,  it  was  set  forth 
that  the  power  transmitted  along  a  shaft  is  the  product  of  two 
factors,  the  speed  and  the  torque.  If  o)  stands  for  the  angular 
velocity  and  T  for  the  torque,*  then 

w  T  =  mechanical  work  per  second,  or  power. 

'  Amtriian  yournat  of  Scienic,  xxxi.  95,  1886. 

'  If  II  be  the  number  of  [evolutions  per  stcimd,  ihen  2  *  n  =  *.  AUo  if  F  be 
tint  transmitted  pull  on  ihe  bell  (01  rather  the  difference  between  the  pult  'n  ibw 
part  of  the  belt  which  is  approaching  Ihe  driving  pulley  and  the  pull  in  ihat  put 
which  is  receding  from  the  driving  pulley)  in  pounds  Height,  and  r  be  the  radius 
of  the  pulley,  F  r  =  Ihe  lurning  ■moment  or  torque  =  T,  then  «rT  =  a»«rFs 
the  nuniber  of  Toot-pounds  per  second  transmitted  by  (he  bell.  This  may  also  be 
proved  as  follons :  Horse-power  is  product  of  ihe  force  into  Ihe  velocity.     The 
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This  may  be  expressed  in  watts  by  use  of  the  proper  co- 
efficient. 

Now,  if  E  is  the  electromotive-force  generated  by  the 
armature,  and  C  the  current  through  it,  the  electric  energy  per 
second  in  the  armature  is  ^  the  product— 

E  C  =  electric  work  per  second  (in  watts). 

If  the  whole  of  these  four  quantities,  cd,  T,  E  and  C,  are 
armature  quantities,  strictly,  we  may  equate  the  electrical  and 
mechanical  expressions  together  ;  and  the  equation  will  be 
true  for  either  a  motor  or  a  generator.  In  the  generator,  E 
and  C  are  in  the  same  direction  and  T  opposes  6> ;  or  there  is 
a  counter-torque.  In  the  motor,  T  and  o)  are  in  the  same 
direction,  but  E  opposes  C  ;  or  there  is  a  counter  electromotive- 
force. 

In  treating  of  the  dynamo  as  a  generator,  it  was  assumed 
that  the  mechanical  power  could  be  supplied  under  one  of  the 
two  standard  conditions,  on  the  one  hand  of  constant  speed 
(and  torque  varying  with  the  electrical  output),  or  else  on  the 
other  of  constant  torque  (and  speed  varying  with  the  output). 
One  of  these  two  mechanical  conditions  being  prescribed, 
algebraic  expressions  had  then  to  be  found  for  the  two  cor- 
responding factors  of  the  electric  output,  namely,  the  electro- 
motive-force and  the  current,  under  varying  conditions  of 
resistance  in  the  circuit.  Also  we  investigated  those  conditions 
wnich  would  result  in  making  one  or  other  factor  of  the  electric 

circumference  of  the  pulley  is  2  x  r,  and  it  turns  n  times  per  second,  therefore  the 
circumferential  velocity  is  2  ir  r  m,  and  this,  multiplied  by  F,  gives  the  work  per 
second.  If  F  is  expressed  in  grammes  weight,  and  r  in  centimetres,  then 
2v rnF  will  give  the  power  in  gramme-centimetres,  and  must  be  divided  by 
7*6  X  ID*  to  bring  it  to  horse-power,  and  must  be  multiplied  by  981  X  IQ-^  to 
bring  it  to  watts.  If  w  is  in  radians  per  second  and  T  in  dyne-centimetres,  then 
the  product  will  be  in  ergs  per  second,  and  can  be  brought  to  watts  by  dividing 
by  10'.  It  is  convenient  also  to  remember  that  the  British  unit  of  torque,  one 
pound-foot  (i,e.  the  turning  effort  V)f  a  force  equal  to  the  weight,  at  London,  of  one 
pound  acting  with  a  leverage  of  one  foot)  is  equivalent  to  i '  356  x  10'  dyne- 
centimetres. 

*  Since  X  volt  =  lo*  C.G.S.  units  of  electromotive-force,  and  i  ampere  = 
10- *  C.G.S.  units  of  current,  I  watt  (or  volt-ampere)  will  be  =  10'  C.G.S.  units 
of  work  per  second  =  10'  ergs  per  second  =  10'  •¥  981  gramme-centimetres  per 
second. 
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output  constant  It  was  found  convenient  to  study  the  rela- 
tion bet\i'een  the  two  factors  of  output  by  the  aid  of  the 
curves  known  as  characteristics. 

Similarly,  in  treating  the  dynamo  as  a  motor,  it  will  be 
assumed  that  such  arrangements  of  electric  supply  can  be 
made  that  the  electric  power  can  be  furnished  under  one  of 
the  two  standard  conditions,  on  the  one  hand  of  constant 
potential  (and  current  varying  with  the  mechanical  output  of 
the  motor),  or  on  the  other  of  constant  current  (and  potential 
varying  with  the  mechanical  output).  One  of  these  two  con- 
ditions being  prescribed,  we  shall  then  have  to  find  algebraic 
expressions  for  the  two  corresponding  factors  of  the  mechani- 
cal output,  namely,  the  speed  and  the  torque^  under  varying 
conditions  of  load  on  the  shaft.  Also,  we  shall  investigate 
what  are  the  conditions  which  will  result  in  making  one  or 
other  factor  of  the  mechanical  output  constant :  in  other  words. 
we  shall  ascertain  what  are  the  conditions  of  self-regulation  to 
make  the  motor  run  at  constant  speed  or  with  constant  torque. 
Lastly,  it  will  be  found  convenient  to  study  the  relation 
between  speed  and  torque  by  the  aid  of  curves,  which,  by 
analogy  we  may  call  mechanical  cftaracteristics. 


General  Expressions  for  Torque  and  Speed. 

The  power  imparted  to  the  shaft  of  a  motor  may  be  ex- 
pressed either  in  electrical  or  mechanical  measure,  and  in 
either  case  may  be  stated  in  watts.  Electrically  it  is  the  pro- 
duct of  the  motor's  electromotive-force  (i.e.  the  counter 
electromotive-force  generated  in  its  armature)  into  the  current 
flowing  in  the  armature.  Mechanically  it  is  the  horse-power 
multiplied  by  746.  But,  mechanically  it  is  also  proportional 
to  the  product  of  angular  speed  and  tprque.  If  the  torque  be 
expressed  in  terms  of  the  pound-foot  *  as  the  unit,  and  if  T 
stand  for  this  torque  in  pound-feet,  and  if  n  be  the  number  of 
revolutions  per  second,  then,  2  tt  « T  will  be  the  power  ex- 

'  One  pound-foot  is  the  turning  moment  exerted    by  a   force   equal  to  the 
weight  of  one  pound  if  acting  with  a  leverage  of  one  foot. 
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pressed  in  foot-pounds  per  second.  Dividing  by  550  will  bring 
this  to  horse-power,  whence  the  power  in  watts  may  be  stated 
as  : — 

z(;  =  27r;/T  X  ^^  =  8-52;/T;    .      .      [i] 

550  ^ 

or,  electrically 

w  =  E  a       .....     [2] 

Now  E  the  electromotive  force  generated  by  the  armature 
is  =  «  Z  N  -7-  lo^  exactly  as  in  a  dynamo,  if  the  armature  is 
parallel-wound ;  or,  if  the  armature  is  series-parallel  wound 

(p.  366)  the  value  of  E  will  be  =  -    ;?  Z  N  -r  10^ ;    where  / 

is  the  number  of  poles,  and  c  the  number  of  circuits  through  the 
armature.    To  simplify  the  expressions  that  follow,  let  us  write 

M  for  the  group  of  symbols  -  Z  N  -f-  lo*  ;  where  therefore  M 

will  have  as  its  physical  meaning  the  volts  generated  by  the 

armature  if  the  speed  were  reduced  to  one  revolution  per 
second.     Then  we  may  at  once  write 

E  =  ;/  M  ; 
and 

xe/  =  «  M  X  C« [3] 

equating  [i],  and  [3]  we  have  : — 

8-52  «T  =  «M  C«, 
whence 

T  (in  pound-feet)  =  c  1175  M  C«  •      [4j 

This  is  the  fundamental  formula  for  all  motors. 

The  quantity  M  which  appears  in  it,  is,  as  defined  above, 
the  voltage  it  generates  at  unit  speed,  and  is  proportional  to 
the  magnetic  flux  per  pole  and  to  the  number  of  armature 
conductors  per  circuit.  M  being  also  proportional  to  the 
torque  per  ampere  we  may  call  it  the  effort-factor.  It  now 
appears  that  the  torque  of  the  motor,  if  the  magnetism  is  con- 
stant, is  proportional  simply  to  the  armature  current  and 
independent  of  the  speed. 
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Examples : 

I.  Westinghouse  ^-poU  Tramway  Motor.  Z  =  760;  N  = 
4*  16  X  10* ;  /  =  4 ;  r  =  2  :  whence  M  =  63  •  28 ;  therefore, 
when  Ca  =  70  amperes,  it  follows  that  T  =  510  pound-feet 

II.  A  two-circuit  4-pole  motor  is  required  such  that  it  shall 
exert  on  its  shaft  a  full-load  torque  of  200  pound-feet,  shall  run 
at  525  revolutions  per  minute,  when  at  a  normal  full-load  of 
20  H.P.,  and  shall  work  at  500  volts.  Assuming  it  to  be  shunt- 
wound,  and  that  the  internal  voltage  drop  is  10  volts,  find 
Caand  M.  Ca  =  20  X  746  -7-  490  =  30 "4 amperes;  M  =  400 
-7-  (01175  X  2  X  30*4)  =  56- 

III.  Find  the  torque  exerted  by  a  "  G.K  52  "  motor  taking 
51  amperes  at  500  volts,  the  armature  running  at  640  revolu- 
tions per  minute.  Here  V  =  500 ;  «  =  io| ;  whence  M  = 
46-9.  Hence  by  formula  [4]  T  =  0*1175  X  46*9  x  51  = 
239  pound-feet. 

IV.  A  motor  required  to  work  on  200-volt  mains  is  of  such 
design  that  it  shall  start  under  a  dead  load  equivalent  to  a  torque 
of  180  pound-feet,  and  not  take  more  than  20  amperes  at  start- 
ing ;  further,  that  at  no-load  it  shall  not  run  at  a  higher  speed 
than  180  revolutions  per  minute.  Find  M,  «,  N,  and  Z.  By 
formula  [IV],  M  =  180-7-  (0-1175  ^  20)  =  76*68.  And  V 
-1-  M  =  «  =  200  -7-  76  *  68  =  2  •  62.      Hence,  there  will  be  2 * 62 

X  60  =  157  •  2  revolutions  per  minute. 

To  develop  further  the  expression  for  the  torque,  we  may 
remember  that  C^  can  be  calculated  in  terms  of  the  electro- 
motive-force of  supply  V,  as  measured  at  the  terminals  of  the 
motor,  and   the   internal  resistance,  which  we  call  r  ;    and 

then 

^        V-E 
r 
whence  it  follows  that 

T  =  0-II75  X  M       -^ •     .      .     [5] 

If  in  this  formula  M  is  assumed  constant,  it  follows  that  if 
the  speed  rises  so  high  that  «  M  =  V,  there  will  be  no  torque. 
In  fact,  when  the  motor  runs  without  any  load  it  runs  up  to 
its  top  speed  which  is  =  V  -7-  M. 
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On  the  other  hand,  the  greatest  value  of  the  torque  is  when 
the  speed  is  zero,  being  then  equal  to  0'ii75  X  MV/r;  the 
current  being  at  its  maximum.  If  the  resisting  torque  be 
greater  than  this  maximum  value  of  the  motor's  torque,  it  can- 
not start. 

An  expression  for  the  speed  of  the  motor  is  obtained  from 

[5]  by  simple  transformation: — 

,                        .       V        8-52rT  r^, 

n  (revs,  per  sec.)  =  jj M^~    '      '     ^^ 

The  relation  between ;/  and  T  may  be  plotted  as  a  mechani- 
cal c/iaracteristic  o{  the  motor.  If  the  magnetism  is  constant  at 
all  loads,  then  this  characteristic  (Fig.  5 1 1)  will  be  a  straight  line 


o 
tti 

■I 
ft. 


LOAD 


Fig.  511.— Mechanical  Characteristic  of  Motor  with  Constant 
Magnetism,  working  on  Constant  Voltage. 

sloping  down  as  the  load  increases  :  the  drop  in  speed  being 
proportional  to  the  load  and  to  the  internal  electric  resistance 
of  the  motor.  The  effect  on  the  characteristic  of  the  variation 
of  the  magnetism  in  the  cases  of  series-wound  or  shunt-wound 
motors  is  studied  later. 

Gear-Ratio, — If  the  motor  is  geared  down  so  that  its  arma- 
ture revolves  g  times  faster  than  the  driven  shaft,  the  torque 
on  the  latter  will  (apart  from  the  frictional  loss  in  the  gearing) 
be  g  times  greater  than  that  of  the  motor  armature. 

Example, — In  the  G.E.  motor  quoted  above  the  armature  pinion 
had  14  teeth,  the  axle  gear-wheel  67,  making  the  gear-ratio  4  "78. 
As  the  torque  on  the  motor  was  239  pound-feet,  that  on  the  driving 
axle  was  1141' 4  pound-feet. 

Draw-Bar  ptdl. — The  pull  e.xerted  by  a  locomotive  motor 
geared  to  driving  wheels  on  rails  or  on  the  ground  depends  on 
(a)  the  torque  of  the  motor,  {b)  the  gear-ratio,  {c)  the  size  of 
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the  driving-wheel.  Let  P  stand  for  the  draw-bar  pull  in 
pounds  weight ;  D^  the  diameter  of  the  driving-wheel  in  f^t. 
Then  the  torque  of  the  motor  being  T,  and  that  of  the  driving- 
wheel  ^T,  it  follows  that  ^T  =  JD„  P  ;  whence  the  rule  for 
the  draw-bar  pull : — 

P  =  ^''; [7] 

which  may  also  be  written : — 


'VO 

or  as 


P  =  o-235<L.     .       —        .      .      .     [9] 


'TO 


Example, — Find  the  draw-bar  pull  of  the  G.E.  motor,  having 
driving-wheels  33  inches  in  diameter.  Here  D„  is  33  -=-  12  =  2-75 
feet.  Therefore  by  formula  [7]  P  =  830  pounds'  weight.  The  actual 
draw-bar  pull  at  this  current  (51  amperes)  was  found  to  be  770. 
owing  to  the  reduction  of  M  by  armature  reaction. 

The  three  equations  [i]  to  [6]  above  are  true,  not  only  for 
motors,  but  for  generators.  Equation  [5]  will  give  negative 
values  for  T,  the  significance  of  the  sign  being  that  the  torque 
due  to  the  action  of  the  magnetic  field  on  the  conductors 
carrying  the  armature  current  is  such  as  to  oppose  the  driving. 

If  r  is  very  small,  and  M  relatively  very  large,  the  second 
term  in  [6]  may  be  neglected,  and  the  speed  will  then  depend  on 
the  first  term  only.  It  will  be  the  smaller  as  M  is  greater : 
this  being  the  simple  converse  of  the  corresponding  fact  that 
the  more  powerful  the  magnetic  field  the  less  need  be  the 
speed  of  the  dynamo  to  give  the  desired  output.  We  may 
also  notice  that  if  M  is  constant,  the  speed  is  .proportional 
to  V  :  it  will  be  constant  if  the  condition  of  supply  is  that  of 
constant  potential,  but  will  be  variable  if  V  varies. 

We  must  next  inquire  how  ;/  and  T  are  affected  by  the 
fact  that  the  value  of  N  and  therefore  of  M  depends  upon  the 
construction  and  winding  of  the  field-magnet  of  ihe  motor,  and 
by  the  conditions  of  supply.  We  shall  consider  the  following 
kinds  of  machine  :  — 
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A.  Magneto  Motor  and  Separately-excited  Motor. 

B.  Series-wound  Motor, 

C.  Shunt-wound  Motor, 

D.  Compound-wound  Motor, 

In  each  instance  we  shall  have  to  take  into  account  the 
conditions  of  supply,  according  as  V  or  C  is  constant. 


Magneto  Motor  and  Separately-excited 

Motor. 

It  is  here  assumed  that  N  is  constant ;  in  other  words,  that 
the  perturbing  reactions  of  the  armature  may  be  neglected. 
Under  these  circumstances  the  general  formulae  already  found 
require  small  modification.  The  only  internal  resistance  is 
that  of  the  armature  r^. 

Case  (i.) :  V  constant 

In  this  case  formula  [6]  gives  the  desired  relation,  from 
which  the  mechanical  characteristic  may  be  plotted  out,  as  in 


n 


0  T 

Fig.  512. — Mechanical  Characteristics  of  Magneto  Motor. 


Fig.  512.  It  is  a  straight  line  cutting  the  axis  of  ;/  at  a  point 
representing  to  scale  that  speed  at  which  «  M  =  V ;  and  it 
slopes  downwards  at  an  angle  such  that  the  tangent  of  the  slope 
is  equal  to  2  Trr^  -r-  M',  or  is  proportional  to  the  internal  resist- 
ance. In  the  case  of  the  separately  excited  motor,  increase  in 
the  exciting  current  strengthening  the  [field,  will  obviously 
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make  the  sloping  line  more  nearly  horizontal,  as  well  as 
lowering  the  speed  as  a  whole. 

If  we  attempt  to  take  into  account  the  reactions  of  the 
armature,  we  must  remember  that  the  effect  of  the  armature 
current  is  to  demagnetize,  if  there  is  a  backward  lead,  and  to 
magnetize  if  there  is  a  forward  lead.  A  backward  lead,  then, 
would  tend  to  make  the  sloping  line,  at  constant  V,  rise  and 
become  more  level  as  the  torque  increased,  because  it  would 
weaken  tne  magnet,  and  so  let  the  speed  increase  ;  whilst  a 
forward  lead  would  tend  to  make  it  slope  still  more. 

Case  (ii.) :  C  constant. 

In  this  case,  as  reference  to  formula  [4]  shows,  the  torque 
is  constant,  being  independent  of  speed  and  of  internal  resist- 
ance. The  mechanical  characteristic  of  the  machine  under 
these  conditions  is  a  vertical  straight  line. 

Series  Motor. 

The  fundamental  equations  are  as  before,  with  the  addition 
of  the  following : — 

^  =  ^a  +  ^«  ; 

but  now  we  may  with  advantage  introduce  the'  approximate 
formula  for  the  law  of  the  electromagnet  given  in  Chapter  IV., 
and  write,  as  on  page  114,  where  C  is  the  diacritical  current 
and  //  =  S  C, 

N  =  N  ^^  ^, ; 
C  +  C 

whence,  if  Z  is  fixed,  it  follows  that 

Putting  this  value  into  the  expression  [4],  on  page  811,  for 
the  torque,  and  writing  for  brevity  o*  1175  M  =  Y,  we  have 

"^  =  ^0  4^0 t'°^ 

This  relation  between  torque  and  current  is  given  graphically 
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in  Fig.  5 1 3.     For  values  of  C  that  are  small  as  compared  with 
C,  T  varies  nearly  as  C*  ;   whilst  for  large  values  of  C,  as 


Fig.  513. — Torque  Curve  of  Series-Motor. 

magnetic  saturation  advances,  T  is  nearly  proportional  to  C. 
The  equation  may  also  be  written  in  the  quadratic  form — 

c«-:jc- jc'=o. 


the  solution  of  which  is 


C  = 


2  Y 


|-±x/'"+f"4 


It  is  permissible  for  large  values  of  T  to  neglect  the  second 
term  under  the  root  sign,  since  the  magnetization  grows  nearly 
constant. 

As  an  example  plot  the  following  figures  taken  from  a  test  of  a 
30  H.P.  street-car  motor,  where  the  torque  is  given  in  pound-feet, 
the  current  in  amperes,  and  the  speed  in  revolutions  per  minute : 


Current 

3-5 

10 

20 

30 

40 

Torque 

0 

29 

95 

183 

281 

Speed  ., 

479 

236 

145 

1 

118 

99 

50         70         90         94 

385       610       863       912 

85         61         39     '     35 


Now  from  [4]  and  [6]  above  we  may  eliminate  M,  giving 


I. 


3  G 
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and  inserting  the*  value  of  T  from  [io]  we  get 

/  V     C  +  C        r      n   ^   nf\ 

from  which  the  characteristic  (Fig.  514)  may  be  plotted. 


Fk;.  514. — Mechanical  Charac r eristics  of  Series-Motor. 

Case  (i.)  :  V  constant 

If  V  is  constant,  then  if  T  is  .large,  C  will  also  be  lai^e 
relatively  to  C,  and  the  equation  becomes 

«  =  °-^7-5(V-.C), 


which  corresponds  to  the  last  part  of  the  mechanical  charac- 
teristic, which  is  nearly  a  straight  line  when  the  magnets  are 
well  saturated. 

Case  (ii.)  :  C  constant. 

Here,  clearly,  saving  for  armature  reactions,  the  magnetiza- 
tion will  be  constant ;  hence  the  torque  will  also  be  constant, 
as  in  Fig.  514.  With  a  load  exceeding  a  certain  amount,  the 
motor  will  not  start ;  with  a  lesser  load  it  will  race  until 
friction  and  eddy-currents  make  up  the  difference. 

The  properties  of  series-wound  motors  are  so  important 


ConimuotiS'Ctirreiit  Motors.  819 

that  we  may  pause  to  consider  them  a  little  more  fully.  We 
know  that  if  the  current  running  through  a  series  dynamo  be 
constant,  so  that  its  magnetism  is  constant,  the  electromotive- 
force  it  develops  is  almost  exactly  proportional  to  its  speed. 
It  therefore  follows  that  if  E  is  proportional  to  n,  T  will  be 
proportional  to  C.  This  is  abundantly  verified  in  the  case  of 
series  motors  by  experiments.  When  a  Siemens  series 
dynamo  was  arranged  to  lift  a  load  of  56  lb.  on  a  hoist,  it 
lifted  this  load  at  the  rate  of  212  feet  per  minute,  developing  a 
counter  electromotive-force  of  108 '81  volts.  The  applied 
electromotive-force  was  1 1 1  volts,  and  the  resistance  of  the 
circuit  was  0*3  ohm.  The  effective  electromotive- force  was 
therefore  2"  19  volts  and  the  current  7*3  amperes.  When  the 
resistance  of  the  circuit  was  increased  to  2*2  ohms,  the  speed 
fell  to  169  feet  per  minute,  the  counter  electromotive-force  to 
94*94;  the  effective  electromotive-force  V  —  E,  was  there- 
fore 16  •  06  volts,  and  the  current  7  •  3  amperes  as  before.  When 
4*8  ohms  were  inserted,  the  speed  fell  to  141  feet  per  minute, 
and  E  to  ^6  volts  ;  V  —  E  was  35  volts,  and  the  current  7*3 
amperes  as  before.  With  the  same  loady  the  same  currenty 
whatever  the  speed. 

Advantages  of  Series  Motors. — If  the  magnetism  of  the 
field  is  strengthened,  the  torque  for  a  given  current  in  the 
armature  increases  proportionally.  Hence  in  series-motors 
there  is  a  great  advantage  at  starting.  For  at  starting,  when 
because  the  armature  is  not  exercising  any  back  electromotive- 
force  there  is  a  large  current  through  the  armature,  the  field- 
magnet  also  receives  a  great  accession  of  magnetism.  Hence 
the  starting  torque  may  far  exceed  the  normal  full-load  torque. 
The  fact  that  the  torque  of  a  series  motor  is  thus  dependent 
on  the  current  is  of  advantage  in  the  application  of  motors  to 
propulsion  of  vehicles  (such  as  tram-cars)  which  at  starting 
require  for  a  few  seconds  an  effort  greatly  in  excess  of  that 
needed  when  running.^ 

In  the  series  motor,  when  supplied  at  constant  potential, 
E  is  not  proportional  to  the  speed,  because  the  field-magnetism 
is  not  constant,  but  falls  off  as  E  increases,  being  (if  unsatu- 

*  See  remarks  by  E.  Hopkinson,  Proc,  Inst.  C'roil Engineers ^  xci.  pt.  i.  6,  1887. 

3   ^   2^ 
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rated)  nearly  proportional  to  V  —  E.  It  therefore  will  not 
run  at  a  constant  speed.  Neither  will  it  run  at  a  constant 
speed  if  supplied  with  a  constant  current 

Fig.  515  gives  the  tests  of  a  series  motor  of  the  Electridty 
and  Hydraulic  Company,  of  CharleroL  The  draw-bar  pull,  in 
pounds'  weight  is  proportional  to  the  torque. 

Use  of  two  Series  Machines  in  Transmission. — If  two 
similarly-constructed  series-wound  machines  are  used — one  as 


12-ft 


Fig.  515.— Tests  of  Tramway  Motor. 


generator,  the  other  as  motor — the  arrangement  is  almost 
perfectly  self-regulating,  the  speed  of  the  motor  at  the  receiv- 
ing end  being  almost  constant  if  that  of  the  dynamo  at  the 
transmitting  end  is  constant.  Ever}'  addition  to  the  load  put 
upon  the  motor,  tending  to  check  the  speed,  causes  an  increase 
of  current  to  flow,  and  so  throws  proportionate  additional  work 
upon  the  generator,  which  in  turn  takes  more  power  from  the 
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steam  engine  to  keep  up  its  speed.  As  we  have  shown  above, 
the  torque  of  the  motor  Ta  will  depend,  in  the  given  machine, 
on  the  current  alone,  and  on  the  current  will  depend  the  torque 
at  the  dynamo  Ti.  Mr.  Kapp  has  further  shown  ^  how,  if  there 
is  a  resistance  in  the  line,  the  arrangement  may  still  be  made 
self-regulating  by  choosing  as  generator  and  motor  two 
machines  so  wound  that  comparing  their  characteristics  for  the 
prescribed  speeds,  the  difference  in  their  electromotive-forces 
corresponding  to  a  given  value  of  current  shall  be  equal  to  the 
electromotive-force  requisite  to  drive  that  particular  current 
through  the  resistance  in  the  whole  circuit 

Use  of  two  Series  Motors  in  Series  or  Parallel  Grouping. — 
Reference  is  made  later  to  the  combination  of  two  similar 
motors  with  a  switch  that  will  group  them  in  series  at  starting 
and  in  parallel  after  a  certain  speed  has  been  attained.  Putting 
the  machines  in  series  at  starting  is  equivalent  to  halving  the 
voltage  on  each  machine  ;  therefore  reduces  the  rush  of  current 
at  starting  without  requiring  so  much  waste  of  power  by 
resistance. 

Shunt  Motors. 

The  fundamental  conditions  are  as  follows  : — 

T  =  o-ii75MQ 

and,  adopting  the  appropriate  form  (see  p.  114)  for  the  law  of 
magnetization,  where  V  represents  the  half  saturating  volts  ; 

-       V 


E  =  v(l  +  ''-^-r.C. 


From  the  first  three  of  these  we  get 

T  =  o-ii7S  m(c  ---) 

*  See  Kapp's  Electrical  Trausmission  of  Energy^  4th  edition,  p.  199 


V\       V 
v./  V  +  V" 
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and,  transposing  and  writing  Y  as  before  for  o*  1 175  M  ; 

^       T      V  +  V'      V  . 
^  =  Y   '        V       ^/7*' 

and  from  the  last  of  the  four 

Inserting  the  value  of  C,  we  have 

Case  (i)  ;  V  constant 

The  last  equation  shows  that  a  shunt-motor,  supplied  at 
constant  potential,  will  have  a  speed  that  would  be  constant 
and  independent  of  the  torque  if  it  were  not  for  internal  re- 
sistance ;  and  further,  that  the  consequent  drop  in  speed  as  the 
torque  increases  will  be  the  less  as  the  field-magnetism  is  the 
more  powerful. 

As  aD  example,  a  Victoria  shunt  motor  tested  by  Mr.  Mordey,  in  which  the 
load  was  varied  from  91  "8  x  10'  to  1357 '2  x  10^  dyne-centimetres,  only  decreased 
its  speed  from  i6' 25  to  15*75  revolutions  per  second. 

It  is  instructive  to  contrast  the  self-regulating  power  of  a 
shunt  dynamo  with  the  self-governing  power  of  a  shunt  motor. 
The  former,  when  driven  at  a  constant  speed,  generates 
electric  power  at  a  nearly  constant  potential ;  the  latter,  when 
supplied  from  the  mains  at  a  constant  potential,  would  furnish 
mechanical  power  at  a  nearly  constant  speed  ;  and  in  both 
cases  the  departure  from  absolute  constancy  is  proportional 
to  the  internal  resistance  of  the  armature  coils,  and  to  the 
output  electrical  or  mechanical,  of  the  machine  for  the  time 
being. 

So  far  we  have  supposed  the  armature  to  exert  no  magnetic 
reaction.  Now,  as  we  shall  see,  to  obtain  sparkless  running 
there  must  be  ^  a  backward  lead,  and  in  motors  a  backward  lead 

*  This  is  true  if  copper  brushes  are  used  ;  but  with  carbon  brushes  modem 
motors  will  run  sparklessly  with  zero  lead. 
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tends  to  demagnetize.  But  demagnetizing  tends,  as  we  have 
seen,  to  increase  the  speed  ;  hence  in  the  case  of  constant  pres- 
sure supply,  when  there  is  a  great  load,  the  very  reaction  of 
the  great  current  will  tend  to  prevent  the  speed  from  falling, 
making  the  shunt  motor  very  nearly  self-regulating.  These 
reactions  must  now  be  considered  in  detail. 

Case  (ii)  :  C  constant. 

The  determination  of  this  case  is  more  complicated,  though 
the  general  considerations  are  simple  enough.  If  the  motor 
is  standing  still  when  the  current  is  turned  on,  nearly  all  the 
current  will  go  through  the  armature,  next  to  none  through 
the  shunt ;  hence  there  will  be  little  magnetism,  and  therefore 
almost  no  torque.  Such  a  machine  will  not  start  itself  with 
any  load  on  ;  but  if  it  be  once  started,  its  counter  electro- 
motive-force will  cause  the  current  in  the  armature  to  decrease, 
whilst  that  round  the  shunt  increases.  The  torque  will  there- 
fore then  increase  with  the  speed,  but"  not  indefinitely,  for  as 
the  magnetism  advances  in  its  degree  of  saturation,  the  increase 
of  N  will  no  longer  compensate  for  the  decrease  of  C^  ;  and 
from  that  point  onwards  the  torque  will  decrease  if  the  speed 
is  allowed  to  increase.  And,  hypothetically,  the  speed  should 
increase  until  the  motor's  own  electromotive-force  exactly 
equals  the  difference  of  potentials  due  to  the  whole  of 
the  constant  current  flowing  through  the  resistance  of  the 
shunt,  under  which  circumstances  there  will  be  no  current 
through  the  armature  and  zero  torque.  Fig.  516,  which,  like 
the  preceding,  is  taken  from  Dr.  Frolich's  work,  gives  the 
mechanical  characteristics  for  the  two  cases. 

Regenerative  Control, — Sir  C.  W.  Siemens^  drew  attention 
in  1880  to  the  singular  properties  of  the  combination  of  a  gene- 
rating dynamo  and  an  electric  motor,  instancing  a  locomotive 
motor  which,  when  descending  an  incline,  quickens  its  speed 
and  actually  becomes  a  generator  of  currents,  paying  ba^k  the 
spare  power  into  store.  He  also  remarked  how  two  trains 
driven  by  motors  running  on  the  same  system  of  lines,  tend 
to  regulate  one  another,  the  one  on  a  descending  portion  of  the 
road  transmitting  power  to  the  other,  as  though  "  connected  by 

*  Jottmal  Soc.  TeU^r,  Engineer Sy  ix.  301,  1 880. 
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means  of  an  invisible  rope"  With  separately  excited  motors 
and  shunt-motors  this  is  so  :  for  at  a  definite  speed  the  shunt 
motor   becomes    a   generator,   its   magnetism   being   almost 


V  COMSTA*.?" 


,«* 


^\ 


Fig.  516. — Mkchamcal  Characteristics  ok  Shunt  Motor. 

■ 

invariable.  But  in  the  case  of  series-wound  motors,  since  the 
increase  of  speed  down-hill  decreases  the  current,  it  decreases 
also  the  magnetism  of  the  field-magnets,  and  there  is  no 
definite  speed  at  which  such  a  motor  becomes  a  generator. 


Reaction  between  Armature  and  Field-Magnets 

IN  a  Motor. 


On  pp.  208  to  216  and  250  to  255,  the  reactions  be- 
tween the  armature  and  field-magnets  of  a  dynamo  were 
considered  in  detail,  but  attention  was  confined  solely  to  that 
which  occurs  when  the  dynamo  is  used  as  a  generator.  In  that 
case  we  noted  that  the  current  in  the  armature  tended  to  cross- 
magnetize  the  armature  core  and  to  distort  the  field  in  the 
sense  of  the  rotation  ;  while  the  forward  lead  of  the  brushes^ 
needful  for  sparkless  commutation  of  the  current,  tended  to 
exercise  a  demagnetizing  effect.     The  same  thing  is  true  of 
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a  motor  ;  but  with  a  difference.  A  current  supplied  from  an 
external  source  magnetizes  the  armature  and  makes  it  inta 
a  powerful  magnet,  whose  poles  would  lie,  as  in  the  bipolar 
dynamo,  nearly  at  right  angles  to  the  line  joining  the  pole- 
pieces,  were  it  not  for  the  fact  that  in  this  case  also  a  lead 
has  to  be  given  to  the  brushes.  Suppose,  as  in  so  many  of 
the  drawings  in  this  book,  that  the  S-pole  of  the  field-magnets 
is  on  the  left,  and  the  N-pole  on  the  right  Also  that  the 
current  so  traverses  the  armature  that  it  causes  the  highest 
point  to  be  a  S-pole  and  the  lowest  point  a  N-pole.  This 
means  that  if  the  armature  is  wound  right-handedly  the 
current  must  come  in  through  the  top  brush  and  leave  by  the 
bottom  one,  the  top  brush  being  connected  to  the  +  main^ 
Compare  with  page  209.  Clearly,  in  this  case,  the  armature 
will  rotate  right-handedly,  because  the  S-pole  at  the  top  will 
be  repelled  from  the  S-pole  on  the  left  and  attracted  toward 
the  N-pole  on  the  right.  It  will  therefore  run  right-handedly 
(in  a  right-hand  field)  when  the  current  flows  downwards  from 
top  to  bottom,  exactly  as  the  armature  of  a  generator  must 
run  in  order  to  send  a  current  upwards.  In  each  case  the 
direction  of  the  induced  electromotive-force  is  the  same — 
upwards — with  the  current  in  the  generator,  against  the 
current  in  the  motor. 

It  follows  that  in  a  motor  a  forward  lead  would  convert 
the  cross-magnetizing  force  into  one  that  tends  to  increase 
that  of  the  field-magnet,  whilst  a  backward  lead  tends  to  de- 
magnetize. Further,  since  with  a  forward  lead  the  armature 
polarity  strengthens  that  of  the  field-magnet,  it  is  possible 
(apart  from  the  question  of  sparking)  for  a  motor  to  be 
worked  without  any  other  means  being  taken  to  magnetize 
the  field-magnets  (see  p.  259):  the  armature  will  induce  a 
pole  in  the  field-magnet  and  then  attract  itself  round  towards 
this  induced  pole.  This  principle  has  been  used  for  many 
years  in  small  motors. 

The  cross-magnetizing  force  will  also  have  the  effect  of 
weakening  the  field  under  the  two  forward  pole-tips,  and  of 
strengthening  them  under  the  two  hindward  pole-tips.  This 
is  the  opposite  effect   to  that  in  a  dynamo.     In  the  motor 
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^without  lead  even)  the  cross-magnetizing  leaction  tends  tc 
shift  round  the  lield  in  a  sense  opposite  to  that  of  the  rotation. 
We  shall  now  see  what  are  the  conditions  for  minimura 
sparking.  Consider  (Fig,  517)  a  coil  W  ascending  on  the 
left.  The  current  in  it  is  descending  from  the  top  brush, 
whilst  it  is  itself  the  seat  of  an  electromotive-force  that  tends 
to  stop  or  reverse  its  current.  Now  we  know  that  on  the 
theory  of  the  reversing  field  the  condition  of  non-sparking 
requires  that  at  the  moment  whilst  the  coil  passes  under  the 
brush,  and  is  short-circuited,  it  should  be  passing  through  a 


-^ 


field  that  is  not  only  sufficiently  strong,  but  one  that  tends 
to  reverse  the  direction  of  its  current.  It  is  already  in  such 
a  field  ;  hence  the  act  of  commutation  must  take  place  befori 
it  passes  out  of  this  magnetic  field.  It  must  be  commuted 
before  it  arrives  at  the  highest  point.  In  other  words,  a 
backward  displacement  must  be  given  to  the  brushes  if 
there  is  to  be  no  sparking.  The  neutral  line  ««'  will  there- 
fore rake  backwards  in  a  motor  into  the  fringe  of  the  magnetic 
field.      But   since   (in   every   case)    both   eddy-currents   and 
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hysteresis  tend  to  shift  the  magnetic  field  slightly  in  the 
direction  of  the  rotation — increasing  the  lead  in  a  generator, 
diminishing  it  in  a  motor — it  follows  that  the  negative  (or 
backward)  lead  in  a  motor  may  be  slightly  less  than  the 
positive  (or  forward)  lead  in  a  generator,  for  equal  flow  of 
current  and  equal  excitation.^  The  advantage  in  point  of 
weight  of  a  motor  in  which  the  armature  should  help  to 
excite  the  field-magnets,  thereby  reducing  the  weight  of  the 
latter,  led  Professors  Ayrton  and  Perry,^  in  1883.  to  advocate 
designs  with  weak  field-magnets  and  powerful  armatures 
acting  with  a  forward  lead.  But  from  the  foregoing  con- 
siderations it  follows  that  if  a  forward  lead  is  given  to  the 
brushes  of  a  motor  in  order  to  get  a  more  powerful  rotation, 
the  motor  will  spark  at  the  brushes.  With  carbon  brushes 
covering  several  segments,  it  is  not  necessary  to  give  any  lead 
either  forward  or  backward,  the  contact  resistance  at  the 
brushes  acting  as  explained  on  p.  251  to  effect  commutation 
without  sparking.  Carbon  brushes  are  almost  always  used 
for  motors,  as  their  position  end-on  is  suitable  for  revolution 
in  either  sense.  The  resistance  of  the  film  between  the  com- 
mutator and  the  brush  is  here  the  principal  agent  in  the  spark- 
less  commutation.  • 

Minimum  of  sparking  may  be  reconciled  with  high  effici- 
ency by  following  out  the  very  same  principles  of  design  and 
construction  which  were  found  to  be  correct  guides  in  the  case 
of  dynamos  used  as  generators  (p.  255).  Mr.  Say ers,  whose 
method  of  winding  armatures  with  auxiliary  commuting  coils 
was  considered  on  p.  270,  has  applied  the  same  method  ^  to 
the  armatures  of  motors.  With  this  device  the  current  flows 
through  the  armature  sparklessly  even  though  a  considerable 
forward  lead  is  given  to  the  brushes  ;  and  in  this  way  the 
armature  is  able  to  help  the  magnetization  of  the  field- 
magnets. 

^  This  appears  to  be  the  explanation  of  the  differences — otherwise  unimportant 
— observed  by  Snell ;  Journal  Just,  Electr.  Engineers,  xix.  194,  1890. 
^  Journal  Soc,  lelegr.  Engineers ^  xii.  May  1883. 
'  Jnst.  Electr.  Engineers j  xxii.  377,  1893;  xxiv.,  1895. 
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As  a  rule,  a  machine  used  as  a  motor  will  carry  a  higher 
current  without  sparking  than  it  will  carry  if  used  as  a  generator. 
Also,  a  motor  when  starting  will  carry  without  sparking  an 
overload  of  current  quite  twice  as  great  as  it  would  carry  as  a 
generator.  The  simple  explanation  is  that  in  this  case  the 
time  within  which  the  commutation  takes  place  is  so  much 
greater. 

Comparison  of  Dynamos  and  Motors, — Mr.  Mordey,^  who 
has  carefully  tracked  out  the  analogies  between  dynamos  and 
motors,  has  observed  that  in  several  respects  it  is  even  more 
important  that  the  rules  laid  down  for  the  good  design  of 
generators  should  be  observed  for  motors.  Eddy-currents 
must  be  even  more  carefully  eliminated. 

Contrast  the  conditions  which  are  bound  up  in  the  dis- 
position of  the  magnetic  fields  of  the  generator  and  the  motor 
respectively.     In   one   the  armature  is   mechanically  driven 
round  while  the  magnetic  forces   in  the  field   tend  to   pull 
it  back.     In  the  other,  the  magnetic  forces  of  the  field  tend 
to  drag  it  round,  and  it  is  thereby  enabled  to  do  mechanical 
work.     In  one  case  there  is  an  opposing  mechanical  reaction 
tending  to  stop  the  steam  engine.     In  the  other  there  is  set 
up   an  opposing   electrical    reaction    (the    induced    counter 
electromotive-force)  tending  to  stop  the  current^     In  both 
cases  the  rotation  is  supposed  to  be  taking  place  in  the  same 
sense — right-handedly.     In  both  the  effect  is  to  displace  the 
lines  of  force  of  the  field,  but  in  the  generator  the  mechanical 
rotation  acts  as  if  it  dragged  the  magnetism  round,  whilst  in 
the  motor  the  reciprocal  magnetic  reactions  act  as  if  the\' 
tried   to  drag   round   the    armature,   producing    mechanical 
rotation.     In  the  normal  types  of  generator  we  found  spark- 
less  reversal  to  require  a  positive  lead.     In  the  motor,  on  the 

»  Phil.  Mag.,  Jan.  1896. 

'  The  law  of  the  electrical  reaction  resulting  in  a  generator  from  the  mechankal 
motion  is  summed  up  in  the  well-known  law  of  Lenz,  that  the  induced  current  is 
a/ways  such  that  by  virtue  of  its  electro-magnetic  effect  it  fends  to  stop  the  motum  tktt 
generated  it.  In  the  converse  case  of  the  mechanical  reaction  resiilting,  in  a  motiv, 
from  the  flow  of  electric  energy,  it  is  easy  to  formulate  a  converse-law,  viz.  tbit 
the  motion  produced  is  a/ways  such  that  by  virtue  of  the  magneto-electric  induciitns 
'ii.'hich  it  sets  up  it  tends  to  stop  the  current. 
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contrary,  sparkless  reversal  would  necessitate  a  negative  lead. 
If  a  motor  is  set  with  no  lead,  and  if  the  field-magnets  are 
very  weak  or  are  not  excited  at  all,  it  will  run  in  either  direc- 
tion according  as  it  may  be  started.  If  in  a  motor  with  well- 
■excited  field-magnet  the  current  be  reversed  in  the  armature 
.  part  of  the  circuit  only,  the  motor  will  usually  reverse  its 
rotation,  but  will  usually  require  the  lead  to  be  reversed  also, 
if  it  is  to  run  as  sparklessly  as  before.  If,  instead  of  reversing  the 
■current  in  the  armature,  the  magnetism  of  the  field-magnet  be 
reversed,  a  similar  result  will  follow.  If  both  are  reversed  at 
the  same  time,  the  motor  will  go  on  rotating  as  if  nothing  had 
happened. 

Dynamos  wound  and  connected  for  working  as  generators 
of  continuous  currents  may  be  used  in  all  cases  as  motors, 
but  with  some  difference.  A  series  dynamo  set  to  generate 
currents  when  run  right-handedly  (and  therefore  having  a 
forward  right-handed  lead),  will,  when  supplied  with  a  current 
from  an  external  source,  run  as  a  motor,  but  runs  left-handedly 
against  its  brushes.  To  set  it  right  for  motor  purposes  requires 
either  that  the  connexions  of  the  armature  should  be  reversed, 
or  that  those  of  the  field-magnet  should  be  reversed  (in  either 
of  which  cases  it  will  run  right-handedly),  or  else  the  brushes 
must  be  reversed  and  given  a  lead  in  the  other  direction  (in 
which  case  it  will  run  left-handedly).  A  shunt-dynamo  set 
ready  to  work  as  a  generator  will,  when  supplied  with  current, 
run  as  a  motor  in  the  same  direction  as  it  ran  as  a  generator ; 
for  if  the  current  in  the  armature  part  is  in  the  same  direction 
as  before,  that  in  the  shunt  is  reversed,  and  vice  versa,  A 
compound-wound  dynamo,  set  right  to  run  as  a  generator, 
will  run  as  a  motor  in  the  reverse  sense,  against  its  brushes  if 
the  series  part  be  more  powerful  than  the  shunt,  and  with 
its  brushes  if  the  shunt  part  be  the  more  powerful.  If  the 
connexions  are  such  (as  in  compound  dynamos)  that  the  field- 
magnet  receives  the  sum  of  the  effects  of  the  shunt  and  series 
windings  when  used  as  a  generator,  then  it  will  receive  the 
difference  between  them  when  used  as  a  motor.  There  are 
certain  advantages  in  using  a  differentially- wound  motor,  as 
will  appear  hereafter. 


830  Dynamo-Electric  Machinery. 

Reversing  Gear  for  Motors. — A  motor,  as  will  be  seen  from 
the  preceding  discussion,  can  be  reversed  by  the  operation  of 
reversing  the  current  through  the  armature,  and  at  the  same  moment 
reversing  the  lead.  But  reversing  the  current  can  also  be  accom- 
plished by  rotating  the  brushes  through  180°.  Consequently  both 
these  actions  may  be  accomplished  by  the  single  operation  of 
advancing  the  brushes  through  180°  —  2<^,  where  ^  is  the  origiDal 
angle  of  lead.  But  as  the  brush  would  then  slant  in  the  wrong 
direction,  it  is  usual  to  provide  a  second  set  of  brushes.  This  is, 
indeed,  Hopkinson's  method  of  reversing.  He  employed  two  pairs 
of  brushes,  each  pair  being  capable  of  moving  about  a  common 
pivot,  so  that  either  the  pair  having  a  lead  in  one  direction,  or  the 
pair  having  a  lead  in  the  other  direction  can  be  let  down  upon  the 
commutator.  Various  other  forms  of  reversing  gear  have  been  pro- 
posed to  accomplish  the  desired  end.  If  the  field-magnets  of  a 
motor  are  so  powerful  relatively  to  the  armature  that  no  lead  has  to 
be  given  to  the  brushes,  the  rotation  can  be  reversed  by  simply 
reversing  the  current  through  the  armature. 


Government  of  Motors. 

For  many  purposes,  as  in  driving  textile  machinery',  it  xs 
extremely  important  that  motors  should  be  so  governed  as  to 
run  at  a  uniform  speed,  no  matter  what  the  load.  Centrifugal 
governors,  interrupter  governors,  and  dynamometric  governors 
have  all  been  suggested.^  Series-wound  machines  are  not  suit- 
able for  this  work.  Shunt-wound  machines  are,  as  mentioned 
above,  fairly  self-regulating  if  supplied  at  constant  voltage. 
Mordey^  has  pointed  out  its  dependence  on  good  design  and 
low  armature  resistance.  The  slight  demagnetizing  action  of 
the  armature  when  a  negative  non-sparking  lead  is  given  to 
the  brushes,  acts,  in  fact,  instead  of  any  special  demagnetizing 
coil.  The  following  tests  showed  a  constancy  to  within  ij  per 
cent,  for  all  loads  within  working  limits. 

*  See  the  earlier  editinns  of  this  work.     See  also  an  interesting  paper  by 
Crocker  in  Electrical  World,  xiii.  311,  1889. 
2  Phil  Mag.,  January  18S6. 
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Potential  at 
Terminals. 

Current 
(amperes). 

1 

Horsc-i.ower 
1       at  Brake. 

Revulutions   per 
minute. 

Torque 
(pound-feet). 

68-4 

44 

I-I 

II25 

5-15 

68-4 

126 

7-4 

1 120 

33 '4 

684 

165-5 

10-36 

III5 

48-8 

68-4 

180 

11*14 

IIIO 

53*0 

With  a  lower  electromotive-force  the  same  motor  regulated 
almost  equally  well,  but  at  a  lower  speed.  It  was  observed 
that,  especially  when  the  motor  was  giving  out  small  horse- 
power, the  speed  was  increased  by  weakening  the  field. 

Theory  of  Self-governing  Motors. 

The  method  of  automatic  regulation  that  is  most  perfect 
in  theory  is  undoubtedly  that  of  Professors  Ayrton  and  Perry,^ 
and  is  expounded  in  the  following  pages ;  it  results  in  a 
differential  compound  winding. 

In  the  section  on  Self-regulating  Dynamos,  on  pp.  307  ta 
320,  were  set  forth  the  methods  of  solving  the  problem  how 
to  arrange  a  dynamo  so  that  it  shall  feed  the  circuit  with 
electric  energy  under  the  condition  of  a  constant  pressure,, 
when  driven  at  a  constant  speed.  The  solution  to  that  problem 
consisted  in  the  employment  of  certain  combinations  which 
gave  an  initial  magnetic  field  due  to  a  shunt  coil,  and  an  incre- 
ment to  that  field  dependent  on  the  current  that  might  be 
flowing  in  the  main  circuit. 

Now,  it  is  not  hard  to  see  that  this  problem  may  be  applied 
conversely,  and  that  motors  may  be  built  with  a  combination 
of  arrangements  for  their  field-magnets,  such  that,  when  sup- 
plied with  currents  under  the  standard  conditions  of  constant 
pressure  in  the  mains,  their  speed  shall  be  constant  whatever 
the  load.  It  will  be  evident,  without  any  numerical  calcula- 
tions, that  the  windings  must  oppose  one  another — one  must 

*  Journal  Soc.  Telegr.  Engitieers,  vol.  xii.,  May  1883  ;  see  also  a  later  paper 
in  Phil,  Mag.,  1888. 
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tend  to  magnetize  the  field-magnet,  the  other  to  demag- 
netize. Take  the  case  of  a  shunt  motor  supplied  at  a  constant 
potential  V,  and  running  at  a  certain  speed  with  a  certain  load 
If  the  load  is  suddenly  removed  the  motor  will  begin  to  race,  its 
racing  will  increase  the  counter  electromotive-force  developed 
and  will  partly  cut  down  the  armature-current.  But  the 
decrease  of  current  will  not  be  quite  adequate  to  bring  back 
the  speed,  because  of  the  internal  resistance  of  the  armature, 
which  has  prevented  the  whole  energy  ofthe  armature  current 
from  being  utilized  as  work.  A  demagnetizing  series  coil 
wound  on  the  field-magnet  will,  however,  effect  what  is  wanted, 
for  then,  with  any  reduction  of  load,  the  corresponding  re- 
duction of  current  can  take  place,  the  resulting  increase  in  the 
field-magnetism  being  sufficient  to  get  the  required  larger 
counter  electromotive-force  without  any  increase  in  speed. 
For  constant-current  distribution  no  method  of  compound 
winding,  whether  differential  or  additive,  has  been  found 
satisfactory  ;  special  regulators  must  be  employed. 

The  following  synoptical  table  contrasts  the  arrangements 
for  self-regulating  generators  with  those  of  self-governed 
motors : — 


Generator. 


Motor, 


Given  Constant  Speed,  To  get  Constant  Speed, 

To  get  V  constant.  Given  V  constant, 

!  Steel  magnets. 
Separate  excitation. 
\  Shunt  coils. 
+  Series-regulating  coils. 


I  • 


i  Steel  magnets. 
Separate  excitatioD. 
Shunt  coils. 
,—  Series-regulating  coils. 


In  discussing  the  theory  of  the  self-governed  motor,  we 
shall  follow  the  same  general  lines  as  in  discussing  the  theor>' 
of  the  self-regulating  generator,  namely,  find  an  equation 
expressing  the  desired  condition  of  constancy. 

,  Shunt  or  Separately-excited  Motor  with  Series  Regulating 
Coil, — Using  the  same  notation  as  previously,  we  have  for 
the  counter  electromotive-force  developed  in  the  armature — 


E  =  ;/  Z  N  -^  io«  =  n  M, 
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also 

E  =  V-(r,+rJC. 

Now,  M  is  made  up  of  two  parts,  viz. : — Mi  the  permanent 
part  (which  in  a  shunt  motor  is  equal  to  q  S,  C^  where  S^  is 
the  number  of  windings  in  the  shunt),  and  another  part 
depending  on  the  series  coil  which  we  may  writ.e  ^S^C, 
where  S^  is  the  number  of  windings  in  series ;  where  q  is 
written  for  Z  multiplied  by  4  -Tr  and  divided  by  lO*  times  the 
sum  of  the  magnetic  reluctances.  Its  value  therefore  depends 
upon  the  permeability,  and  therefore  upon  the  degree  of 
saturation  of  the  iron  of  the  magnetic  circuit.  Reserving  this 
point  for  further  consideration,  we  ipay  write 

M  =  Mx-(7S^C. 

If  we  had  written  +  instead  of  — ,  we  should  find  the 
solution  coming  out  with  the  negative  sign,  indicating  that 
the  windings  must  be  so  arranged  that  the  current  in  the 
series  coil  circulates  in  the  negative  or  demagnetizing  sense. 
We  write  the  negative  sign,  however,  as  we  already  know  that 
this  must  be  so.  We  also  assume  at  present  that  there  are 
no  armature  reactions.  Substituting  the  value  of  M  in  the 
fundamental  equation,  we  have 

E  =  «(Mi-^S^C); 

and  equating  this   to  the  other  value  of  £   in  the  second 
equation  above,  we  find 

Ml  -  ^  S,„  C 

Having  thus  obtained  an  expression  for  the  speed,  we 
must  examine  the  various  parts  of  the  expression  to  see  which 
are  variable  and  which  constant,  and  so  deduce  a  relation 
which  shall  make  n  constant.  Now,  in  both  numerator  and 
denominator  there  are  two  terms,  the  first  of  which  is  a 
constant,  whilst  the  second  of  each  contains  the  variable  C. 
A  little  consideration  will  show  that  the  fraction  cannot  have 

I..  3  H 
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a  constant  value  unless  the  two  coefficients  of  the  variable  in 

the  second  term  bear  the  same  ratio  to  one  another  as  do  the 

two  constants  which  stand  as  the  first  terms  ;  or  //  cannot  be 

constant  unless 

V        r,  +  r; 


Mi  q^^ 


[II.] 


which  is  the  desired  equation  of  condition. 

If  this  condition  be  observed  (and  it  will  be  noted  that 
the  quantity  of  series  winding  required  is  proportional,  as  in 
the  self-regulating  dynamo,  to  the  internal  resistance  of  the 
machine),  then  the  speed  will  be  constant  and  of  the  value 

;/  =  J  =  '-  +/'-.        .      .       .      L"I] 
Ml  ^S« 

From  the  first  of  these  relations  we  see  that  the  speed  at 
which  the  machine  is  thus  governed  to  run  is  the  same  speed 
as  that  at  which,  if  driven  as  a  generator  on  open  circuit,  it 
will  yield  an  electromotive-force  equal  to  that  of  the  suppH* 
at  the  mains.  When  running  as  an  unloaded  motor,  it  ougiit 
of  course  to  turn  so  fast  as  to  reduce  the  current  through  it* 
armature  to  a  minimum,  which  it  can  do  by  running  at  this 
speed.  It  is  evident  that  by  making  the  permanent  part  of 
the  magnetism  strong  enough,  the  critical  speed — that  is  to 
say,  the  speed  for  which  the  motor  is  self-governing — may  be 
made  as  low  as  desired.  As  the  load  on  the  motor  is  in- 
creased, the  flow  of  current  through  the  armature  must  be 
increased,  and  this  increased  current  cannot  flow  unless 
in  some  way  the  counter  electromotive-force  of  the  arma- 
ture be  diminished.  As  the  speed  is  to  be  kept  up,  this  is 
accomplished  by  the  lowering  of  the  magnetism,  which  occurs 
in  consequence  of  the  increased  current  flowing  through  the 
demagnetizing  coils.  The  quantity  denoted  by  q,  whidi 
depends  on  the  permeability  of  the  iron,  may  be  taken  at  afl 
average  value  between  the  two  extremes  which  it  has  at 
maximum  load  and  at  zero  load,  since  in  a  well-designed 
motor  the  resistances  in  the  armature-circuit  are  very  small 
and  the  efficiency  as  a  whole  high,  the  demagnetizing  effect 
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of  the  series  coils,  even  at  full-load,  need  only  reduce  the 
magnetization  by  a  small  percentage.  Moreover,  if  a  back- 
ward lead  be  given  to  the  brushes  to  prevent  sparking,  the 
armature  itself  will  act  partially  as  a  demagnetizing  series  coil, 
and  so  compensate  for  alteration  in  the  permeability.  The 
magnetism  is  a  maximum  when  the  motor  is  running  empty. 
When  the  load  is  greatest,  if  the  motor  is  running  at,  say 
80  per  cent  efficiency,  E  will  be  80  per  cent,  of  V  ;  that  is 
to  say,  M  will  be  80  per  cent,  of  Mi.  It  is  between  these 
limits  in  the  magnetization  that  the  value  of  q  must  be 
averaged.  It  is  evident  from  equation  [III.]  that  if  the 
motor  is  already  provided  with  a  given  series  winding,  there 
can  be  found  a  value  of  V,  for  which  the  condition  of  self- 
governing  can  be  still  fulfilled.  In  the  case  of  a  shunt  motor 
the  above  equation  is  capable  of  further  simplification  ;  for 
we  know  that  V  =  Cm  ^m,  where  r^  is  the  resistance  of  the 
shunt,  and  Mi  =  ^  S,*  C^.  Substituting  these  values  in  [II.] 
above,  we  get 

^'*  =  — ^'  -  ,       ...    riv.i 

m  ^»     •     ' m 

which  is  Ayrton  and  Perry's  rule  for  the  winding  of  the 
self-governing  motor.  Motors  wound  differentially  in  the 
proportion  indicated  in  equation  [IV.]  are  very  nearly  self- 
governed.  One  very  curious  property  of  this  method  of 
winding  is  as  follows  : — Suppose  the  motor  to  be  standing 
still  and  the  current  turned  on,  the  ampere-turns  due  to 
the  shunt  will  be  equal  to  V  S^  -r-  r,ky  whilst  those  due 
to  the  series  coil  will  be  V  S«  -r-  /'a  X  r„. ;  and  these,  ac- 
cording to  equation  [IV.],  will  be  equal,  and  they  are  of 
opposite  sign.  There  should  then  be  no  magnetism  excited 
at  all.  But  if  there  is  any  lead  at  the  brushes,  the  magnet- 
izing tendency  of  the  armature  will  come  into  play ;  and  if 
the  brushes  have  a  considerable  negative  lead,  the  effect  will 
be  to  magnetize  the  field  magnet  in  the  wrong  sense,  and 
then  the  motor  starts  the  wrong  way.  The  defect  might  be 
remedied  by  cutting  out  the  series  coil  or  reversing  it,  until 
the  motor  has  got  up  its  speed.     The  latter  course  is  pre- 

3  H  2 
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ferable,  as  the  additional  torque  of  the  series  motor  is  of 
great  advantage  in  overcoming  the  statical  resistance  to 
motion  experienced  at  starting. 

It  is  obvious  that  the  number  of  shunt-turns  should 
theoretically  be  such  that  the  motor,  driven  on  open  circuit 
at  the  given  speed,  shall  generate  an  electromotive-force 
equal  to  V. 

PredeterminaHon  of  the  Compound  Winding, — Both  the  shunt  and 
the  series  winding  can  be  predetermined  just  as  in  dynamos  by  com- 
puting the  numbers  of  ampere-tums  (as  in  Chapter  XVII.)  of  excitation 
required  to  produce  V  volts  at  the  required  speed,  and  to  produce 
V  —  C  (r^  +  r,)  volts  also  at  the  required  speed  \  the  latter  excita- 
tion being  that  due  to  the  difference  between  the  ampere-tums  of 
the  shimt  and  series  coils. 

Practical  Determination  of  the  Shunt  and  Series  Windings, — As 
in  the  case  of  compound  windings  of  dynamos,  so  for  motors,  the 
proper  windings  can  be  found  by  simple  experiments,  a  temporaiy 
coil  being  wound  and  ^parately  excited,  and  a  resistance  equal  to 
the  future  r^  being  added  to  the  armature  resistance.  Two  experi- 
ments are  required.  Run  the  motor  first  with  no  load  at  the  brake, 
using  the  proper  pressure  V,  and  excite  the  temporary  coil,  ob- 
serving the  number  of  ampere-tums  that  are  needful  to  bring  the 
speed  down  to  the  required  n.  The  number  of  ampere-tmms  in  this 
case  is  equal  to  S^C^,  where  C^  is  the  current,  which  economy 
dictates  should  be  used  in  the  shunt.  Secondly,  mn  the  motor  with 
its  fullest  load  at  the  brake ;  and  again  excite  the  field-magnet  widi 
such  a  number  of  ampere-tums  that  the  speed  is  constant  at  //.  From 
this  and  the  previous  experiment  S„  can  be  calculated. 

The  efficiency  of  a  differentially-wound  motor  cannot  be 
expected  to  be  quite  as  high  as  that  of  one  which  is  not 
differentially  wound,  since  the  energry  expended  in  the  former 
case  in  magnetizing  the  field-magnets  is  greater  relatively  to 
the  amount  of  magnetization  produced. 
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Mechanical  Characteristics  of  Compound 

Differential  Motors. 

It  may  be  convenient  here  to  consider  the  graphic  repre- 
sentation of  the  regulations  between  speed  and  torque  in 
motors  provided  with  mixed  windings.* 

The  curves  for  constant-potential  supply  are  shown  in 
Fig.  518.     The  letters  M  and  S  refer  to,  main  circuit  windings 


Fig.  518. 
Mkchanical  Characteristics 
AT  Constant  Potentiau 


Fig.  519. 
Mechanical  Characteristics 
WITH  Constant  Current. 


and  shunt  windings  respectively.  The  forms  of  the  curves 
for  mixed  windings  differ  somewhat  according  to  the  propor- 
tions of  the  two  sets  of  coils.  The  important  case  is  that  of 
the  differential  winding  marked  S  —  M,  having  a  few  series 
turns  to  correct  the  droop  of  the  pure  shunt-winding,  and 
it  will  be  noted  that  up  to  a  certain  limit  the  speed  is  nearly 
constant,  but  that  there  is  a  maximum  value  to  the  torque. 
In   the  case   of  constant-current  supply,   as   the   curves  of 

'  The  author  is  indebted  to  Frolich's  Die  DynamoeUktrische  Maschine  for  the 
curves  of  motors  with  mixed  windings.  Similar  curves  have  been  deduced  by 
Rechniewski,  see  Stances  de  la  Sociitt  de  Physique,  1885,  p.  197. 
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Fig.  519  show,  the  only  winding  which  gives  any  approxi- 
mation to  a  constant  speed  is  the  differential  compound 
winding  with  a  large  shunt  coil,  and  comparatively  few  turns 
of  de-compounding  series  coil. 

Control  of  Motor  Speed. 

In  the  vast  majority  of  cases,  current  is  supplied  to  motors 
under  the  condition  of  a  constant  voltage.  Under  this  con- 
dition motors  with  permanent  magnets  or  with  shunt  excita- 
tion run  at  speeds  which  are  nearly  constant,  but  with  a  slight 
speed-drop  proportional  to  the  load.  At  light  loads  they  do 
not  race,  but  tend  to  reach  a  definite  maximum  speed.  Series 
motors,  on  the  other  hand,  vary  their  speed  with  the  load,  and 
at  light  loads  tend  to  race,  having  no  fixed  maximum  speed 
at  no-load. 

For  many  purposes,  particularly  for  the  driving  of  tools 
and  for  locomotion,  it  is  desirable  to  have  a  means  of  control- 
ling the  speed  of  motors,  so  that  a  given  motor  supplied  at  a 
given  voltage  may  be  made  to  run  at  different  speeds  at  will  : 
the  motor  when  set  to  any  particular  speed  maintaining  that 
speed  with  reasonable  constancy  even  though  the  load  upon  it 
may  vary. 

To  study  this  problem  of  control  we  may  refer  to  the 
fundamental  expressions  for  torque  and  speed  given  by  equa- 
tions [5]  and  [6]  on  p.  812.     The  equation  for  speed  is : — 

n  (m  revs,  per  sec)  =  w  —       m^       '      *     f^ 

where  V  is  the  voltage  of  supply ;  r  the  resistance  through 
the  motor  from  terminal  to  terminal  including  the  armature 
rheostat,  if  any  ;  T  the  torque  on  the  armature  in  pound-feet ; 
and  M  the  effort-factor  (see  p.  811).  The  expression  con- 
sists of  two  terms,  the  first  being  the  speed  at  no-load,  the 
second  being  the  speed-drop  proportional  to  the  load.  To 
appreciate  further  the  significance  of  this  expression,  let  us 
assume  that  the  motor  is  to  be  set  to  turn  against  the  re- 
action of  some  definite  counter-torque  such  as  that  of  raising 
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a  weight  upon  a  pulley.  It  is  obvious  that  the  resisting  torque 
in  this  case  is  independent  of  the  speed  of  running.  We 
might,  instead,  consider  the  resisting  torque  of  a  boring  tool, 
or  of  a  line  of  shafting  driving  machinery  ;  but  in  these  cases 
the  assumption  that  the  torque  would  not  vary  with  the  speed 
would  be  far  from  the  truth.  Assuming,  then,  that  T  is  con- 
stant, we  see  that  increasing  V  will  increase  the  speed,  and 
that  increasing  M-  will  lower  the  speed  (since  the  first  term  is 
more  important  than  the  second  term),  while  any  increase  of  r 
will  also  lower  the  speed.  We  have,  tJtetiy  three  ways  of  vary- 
ing the  speed,  namely  by  altering  any  one  of  the  variables  V, 
M,  or  r. 

The  quantity  M  is  not  a  constant  in  a  motor  supplied  at 
constant  voltage,  even  though  its  magnetic  flux  may  be  con- 
stant For  if  V  is  constant,  the  motor's  counter  electromotive- 
force  E  will  be  less  by  an  amount  proportional  to  its  internal  re- 
sistance and  to  the  current  through  its  armature,  which  current 
is  approximately  proportional  to  the  load  on  the  motor.  In  fact, 
if  we  consider  equation  [6]  we  can  solve  it  as  a  quadratic  of 
the  quantity  M  ;  the  solution  being 


M 


1  V/     ^      /         34-08  «rT\  r  -, 

=  i«V±V^-     -V»— -;•      .     [7j 


If  r  were  zero  this  would  obviously  reduce  to  the  value 

I.  Control  by  Change  of  Voltage, — Assuming  the  mag- 
netism to  be  constant  and  independent,  if  the  voltage  applied 
to  the  armature  at  the  brushes  is  altered,  the  no-load  speed 
(=  V/M),  changes  in  precise  proportion,  but  the  speed-drop 
from  no-load  to  full-load  remains  unchanged.  Thus  if  6uch  a 
motor  running  at  1000  revs,  per  min.  on  500  volt  mains,  with' 
a  drop  to  950  revs,  per  min.  at  full-load,  were  removed  to  a 
place  where  the  supply  voltage  was  400  volts,  it  would  run  at 
800  revs,  per  min.,  dropping  to  750  at  full-load.  It  has  been 
proposed  for  example  to  give  a  motor  four  diflerent  speeds, 
when  worked  on  a  500-volt  system,  by  introducing  a  5-wire 
system  of  distribution  with  125  volts  between  each  set  of 
mains  (as  in  Fig.  520),  thus  enabling  the  motor  to  be  worked 
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at  will  on  125,  250,  375,  or  500  volts.  The  required  subdivi- 
sion of  the  voltage  could  be  maintained  by  a  "balancer" 
(p.  776),  or  by  a  set  of  accumulators  ranged  between  the 
mains. 

Another  way  of  altering  the  voltage  on  such  motors  is  to 
introduce  into  the  conducting  circuit  of  the  armature  the 
counter  electromotive-force  of  one  or  more  accumulator  cells 
or  an  armature  that  is  acting  as  a  generator.  There  are 
also  special  modes  of  varying  the  voltage  by  means  of 
motor-generator  combinations,  including  the  particular  Ward- 
Leonard  method  of  regulation  mentioned  below. 


Fig.  520. —Variable  Speed  Motor. 


II.  Control  by  altering  the  Magnetic  Flux, — Since  M  is 
proportional  to  the  flux  that  enters  the  armature,  it  can  be 
altered  by  altering  the  magnetic  flux.  There  are  four  ways 
of  effecting  this  : — 

(tf)  In  the  case  of  series-motors  by  Varying  a  resistance 
that  is  applied  as  a  shunt  to  the  magnet  coils  to  divert  any 
required  fraction  of  current  from  them. 

{Jf)  In  the  case  of  shunt-motors,  by  varying  a  resistance, 
ox  field  rheostat^  that  is  put  in  series  with  the  exciting  coils. 

(^r)  By  altering  the  grouping  of  various  sections  of  the 
magnet-winding  by  a  suitable  switch  or  controller.  Fig.  521 
is  a  diagram  of  this  arrangement. 

(d)  By  varying  the  reluctance  of  the  magnetic  circuit,  as 
for  example  by  arranging  the  pole-cores  so  that  they  can  be 
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withdrawn  to  a  greater  distance  from  the  armature;  or  by 
magnetically  shunting  part  of  the  magnetic  flux.  Such 
devices  are  only  available  for  small  motors. 

In  any  case  a  reduction  of  the  magnetic  flux  causes  an 
increase  in  the  current  taken  by  the  motor  from  the  mains, 
and  an  increase  in  its  speed  because  of  the  lowering  of  the 
counter  electromotive-force. 

III.  Control  by  introducing  Resistance  into  the  Armature 
Circuit, — This  is  a  simple,  but  wasteful  mode  of  regulating. 
It  is  akin  to  the  first  method,  because  if  a  resistance  r  is 
interposed  in  a  circuit  carr>'ing  C  amperes,  a  voltage  drop  of 
C  r  volts  is  therefore  produced,  virtually  reducing  the  voltage 
of  supply,  not  by  a  fixed  amount  but  by  an  amount  pro- 
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portional  to  the  load.  At  light  loads  introducing  a  given  re- 
sistance has  a  less  effect  in  reducing  speed  than  the  same 
resistance  would  have  if  the  motor  were  on  a  heavy  load.  For 
an  account  of  motor-starting  rheostats,  see  Chapter  XXVI. 

IV.  Control  by  Grouping  two  or  more  Motors  in  Series 
and  Parallel. — A  more  effectual  way  of  changing  the  speed  of 
motors  consists  in  taking  two  (and  the  method  is  applicabte 
to  four)  motors  of  similar  construction  and  arranging  them  so 
that  they  are  mechanically  coupled  ;  while  they  are  connected 
electrically  to  the  circuit  so  that  they  can  be  put  either  in 
series  or  in  parallel  with  one  another.  When  thus  in  series 
each  armature  only  gets  half  the  voltage  from  the  mains,  and 
hence  they  tend  td  run  at  only  half  the  speed  that  either  alone 
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would  run  at,  or  that  the  two  will  run  at  when  in  parallel. 
This  arrangement  of  series-parallel  control  was  suggested  by 
Hopkinson  for  tramcar  propulsion.  It  is  further  considered 
below. 

V.  Control  by  Two-Commutator  Motors. — A  useful  variant 
on  this  use  of  two  motors  consists  in  the  use  of  one  motor 
having  its  armature  wound  with  two  separate  windings,  each 
with  its  own  commutator,  with  arrangements  to  use  in  series 
or  parallel.     This  device  is  excellent  for  automobile  vehicles. 

Acceleration  of  Motors. 

In  motors  for  mill  and  factory  use  the  time  taken  by  the 
motor  to  run  up  to  its  proper  speed  is  unimportant,  and  is 
usually  a  very  short  time  :  in  such  motors  the  question  of 
giving  adequate  power  at  the  required  speed  without  over- 
heating or  sparking  is  the  important  one.  But  in  motors  that 
are  to  be  used  for  locomotive  purposes  in  tramcars,  or 
automobiles,  or  on  railways,  the  question  of  time  taken  to  get 
up  speed  is  very  important.  In  other  words,  the  acceleration 
of  the  motor  is  more  important  than  its  horse-power.  To 
start  a  tramcar,  automobile,  or  train,  requires  in  each  case  a 
certain  minimum  effort  on  the  motor  shaft.  To  maintain  in 
a  uniform  motion  the  tramcar,  automobile,  or  train  that  has 
already  been  started  requires  also  a  certain  continuous  effort 
on  the  part  of  the  motor.  If  the  effort  of  the  motor  exceeds 
that  so  required  for  uniform  motion,  the  excess  of  the  torque 
goes  to  auelerate  the  movement.  The  acceleration  will  be 
proportional  to  this  excess  of  torque.  Now  we  have  seen,  in 
equation  ["4],  that  the  torque  is  proportional  to  the  product  of 
the  quantity  M  of  the  motor  multiplied  by  the  current  flowing 
through  it ;  or 

T  (in  pound-feet)  =  0-1175  MQ. 

The  product  MC«  therefore  becomes  of  definite  importance 
in  accelerating  the  speed.  It  may  therefore  be  called  the  effort- 
product.  It  is  equivalent  to  8*52  times  the  force  in  pounds' 
weight,  which  would  be  exerted  by  the  motor  at  the  rim  of 
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a  wheel  the  radius  of  which  was  one  foot.  Now  it  is  clear 
that  either  for  the  purpose  of  starting  under  a  heavy  dead-load 
as  in  the  case  of  lifts,  or  for  producing  a  rapid  acceleration,  a 
motor  must  have  a  large  effort-producty  quite  apart  from  the 
question  of  its  nominal  or  actual  horse-power.  Consider  a  lift 
with  a  dead-weight  of  1000  lb.  to  be  raised.  A  motor  is 
suitably  geared  to  the  lift.  Whatever  its  horse-power  it  must, 
in  order  to  start  at  all,  be  able  to  exert  a  definite  effort. 
Assume  that  it  has  a  sufficient  effort-product :  then  if  it  actually 
works  at  one  horse-power  (net)  it  will  raise  the  1000  lb.  at 
the  speed  of  33  feet  per  minute  ;  while  if  it  works  at  two  horse- 
power it  will  raise  the  1000  lb.  at  the  speed  of  66  feet  per  minute. 
A  motor  with  a  large  effort-prodiict  will  more  quickly  get  up  to 
the  speed  corresponding  to  the  available  horse-power.  Now,  as 
this  product  is  the  product  of  the  effort-factor  M  and  C^,  and 
as  a  large  current  implies  costly  working  and  internal  heating, 
it  is  obvious  that  the  motor  that  is  to  accelerate  well,  and  not 
take  too  much  current,  must  have  a  large  M.  In  other  words,  it 
must  be  a  slow-speed  machine  relatively  to  the  voltage  at 
which  it  is  to  be  worked,  since  M  is  the  induced  electromotive- 
force  per  revolution. 

Magnetic  Braking, — Any  motor  that  is  revolving  can  be 
effectively  braked  by  simply  short-circuiting  it  through  an 
appropriate  resistance.  This  is  used  in  many  tramway  motors. 
The  armature  generates  currents  which  for  the  moment  heat 
the  coils  but  which  rapidly  bring  it  to  rest.  To  brake  a 
series  motor,  the  motor  must  be  disconnected  from  the 
mains,  and  the  connexion  of  its  exciting  coils  to  the  arma- 
ture reversed. 

Motor  Equipments  for  Particular  Purposes. 

With  the  application  of  motors  to  industrial  purposes 
many  developments  have  been  called  for.  In  factory 
equipment,  if  the  tools  are  belt-driven  from  short  lines  of 
motor-driven  shafting,  the  motors  must  be  of  constant 
speed,  and  all  speed-changing  on  any  tool  must  be  effected 
mechanically.     But  if  each  tool  is   driven  by  an  individual 
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motor,  then,  generally,  each  motor  will  be  of  the  particular 
speed  needed  for  each  tool,  and  many  of  them  must  there- 
fore   be    variable-speed    motors.      A    variable-speed    motor 
costs  more  than   a   constant-speed   motor   of   equal    power, 
since,  apart  from  the  cost  of  the    switch-gear  or  controller 
to  change  the  speed,  the  variable-speed    motor   must,  as  to 
its  cost,  be  rated  on  its   lowest   speed.     For  cranes,   hoists^ 
and  tramway  driving,  where  uniformity  of  speed  is  not  the 
prime  consideration,  the  usual   equipment   is  a  series-motor 
with  rheostatic  control,  or  sometimes  with  two  series-motors 
with  a  series-parallel  control  combined  with  rheostatic  speed 
control.      For    pumps    and   air-compressors   which    need   a 
constant  torque,  and  for  fans  and  blowers  needing  a  torque 
that  increases  with   the    speed,    the    proper  equipment  is  a 
compound-wound    (not   differential)    motor  with  a  rheostat 
in  the  shunt-winding  ;   the  use  of  the  series-coil  being  here 
to  prevent  the  heavy  draught  of  current  through  the  arma- 
ture that  would  occur  if  a  mere  constant-speed  shunt  motor 
were    used.      For    textile    factories    motors   are   needed   of 
absolute   uniformity  of   speed;    and    for   these    three-phase 
alternating  motors  are  much  to  be  preferred     A  less  satis- 
factory solution  is  the   compound  (differential)  motor.     For 
machine    tools   variable-speed   motors   are   needed.     In  the 
case    of  milling   cutters,  planers,  and  slotters,  the  range  of 
speed-variation  is  seldom  greater  than  from  i  to  2  ;  whereas 
lathes  and  boring-mills  need  a  range  of  speeds  as  great  as 
the  range  of  diameters   of  the   jobs   on    which  they  work. 
Thus,  taking  as  an  example  a  kind  of  lathe  work  for  which 
the  proper  cutting  speed  of  the  tool  is  50  feet  per  minute, 
if  a  wheel  5  feet  in   diameter   is    to   be  tooled  it  must  re- 
volve at  3  •  2  revolutions  per  minute,  while  if  a  7-inch  shaft 
is  to  be  turned  up  it  must  revolve  at  26*4  revolutions  per 
minute.     Here  is  a  speed-variation  of  i  to  8.     Now,  taking 
the  case  of  a  shunt  motor  on  an  ordinary  constant  voltage 
supply,  what  variations  of  speed  are  possible  ?     Changes  in 
two  directions  are  possible — reduction  of  speed  by  armature 
rheostatic  control,  and  increase  of  speed  by  field  excitation 
control.     The    shunt   exciting   coils   are   joined    across    the 
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mains  to  receive  full  voltage :  the  armature  rheostat  lowers 
the  speed  by  putting  in  resistance.  Suppose  it  has  reduced 
the  speed  by  50  per  cent.  It  has  also  reduced  the  power 
and  efficiency  of  the  motor  in  precisely  the  same  proportion. 
Rheostatic  control  is  always  wasteful  ;  for  even  a  reduction 
of  speed  to  one-half  it  requires  large  and  heavy  rheostat 
coils.  If  the  rheostat  is  arranged,  as  it  should,  be,  with  the 
resistance  subdivided  between  a  number  of  points  of  contact 
to  vary  the  speed  by  successive  steps,  yet  the  transition 
from  one  speed  to  another  always  occurs  with  some  abrupt- 
ness. Also  at  the  lower  speeds,  the  speed  is  not  constant 
but  is  found  to  change  with  the  load  because  the  propor- 
tion of  the  voltage  actually  received  by  the  armature  varies 
with  the  load.  Rheostatic  control  is,  therefore,  at  the  best 
a  make-shift  method  of  control.  On  the  other  hand,  the 
field-control  by  putting  resistance  into  the  exciting  circuit 
weakens  the  field  and  so  raises  the  speed.  There  is  nothing 
wasteful  about  this  method  of  control.  As  the  magnetism 
of  solid  field-magnets  requires  a  measurable  time  to  change, 
it  is  found  that  on  this  method  the  transition  from  one 
speed  to  another  occurs  quite  smoothly.  But  there  is  the 
serious  disadvantage  that  the  range  of  speed  increase  is 
limited  to  some  30  or  40  per  cent,  at  the  most,  because  as 
the  field  is  weakened  the  spark  troubles  begin. 

This  difficulty  of  speed-change  in  the  motor  itself  has 
led  to  the  suggestions  noted  above  to  operate  motors  on  a 
multi-voltage  system,  or  to  employ  series-parallel  combina- 
tions of  two  (or  more)  motors.  In  the  case  of  multi-voltage 
systems  using  a  3-wire,  or  a  4-wire,  or  a  5-wire  distribution, 
there  is  the  increased  cost  and  complication  of  the  wiring, 
and  the  expense  also  of  the  multi-voltage  balancer ;  and 
the  motor  must  be  big,  as  it  has  to  do  its  full  power  at 
the  minimum  speed.  Nevertheless,  this  method  affords 
a  means  of  working  a  shunt  motor  at  two,  three,  four, 
or  more  definite  speeds,  corresponding  to  the  voltages.  In 
the  case  of  a  series-parallel  control  with  two  combined 
motors,  or  with  one  two-commutator  motor,  the  speed  of 
the  machine  in  the  series  position   is   half   of  the  speed  in 
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the  parallel  position,  assuming  the  field-magnets  to  be 
equally  excited  in  the  two  cases.  Neither  multi-voltage 
alone,  nor  series-parallel  alone,  affords  a  speed-range  so 
great  as  i  to  8,  and  they  both  afford  merely  a  means  of 
changing  by  wide  steps  to  definite  speeds.  Neither  of  them 
alone,  therefore,  meets  the  needs  of  a  variable-speed  tool 
requiring  both  wide  range  and  all  possible  intermediate 
speeds  at  will.  For  such  intermediate  speeds  a  solution 
can  be  found  by  combining  with  either  multi-voltage  or 
series-parallel,  the  rheostatic  reduction  and  the  field-control 
increase  methods  just  mentioned.  In  Chapter  XXVI.  are 
described  the  controllers  by  which  such  wide  variations  of 
speed  are  attained. 

Printing  machines  require  to  run  at  a  high  speed  when 
in  ordinary  work,  but,  when  making  up  or  threading,  to  run 
at,  say  only  10  to  15  revolutions  per  minute.  For  them, 
therefore,  some  kind  of  variable-speed  motor  is  needed, 
with  smooth  transition  from  one  speed  to  another.  Multi- 
voltage  motors  have  been  used  for  this  purpose,  also  double 
commutator  motors  with  an  extra  series  coil  thrown  into 
circuit  only  at  starting,  and  series-parallel  control.  But  far 
preferable  have  proved  in  practice  the  compensation  or  re- 
ducer methods  described  below. 

Important  discussions  upon  the  adaptation  of  motors  for 
factory  and  mill  work,  of  their  speed-regulation,  gearing, 
grouping,  starting  and  control,  will  be  found  in  the  Journal  of 
t/ie  histitution  of  Electrical  EngineerSy  vol.  xxxii.,  August 
1902,  in  papers  by  A.  D.  Williamson,  p.  925  ;  A.  B.  Chatwood, 
p.  964 ;  and  A.  H.  Bate,  p.  1088  ;  also  in  the  Trafisactions of 
t/te  American  Institute  of  Electrical  Engineers,  xix.  pp.  1537 
to  1606,  December  1902,  in  papers  by  C.  F.  Scott,  R.  Lozier 
and  others. 

Compensation  Methods  of  Motor  Control. 

We  have  seen  that  there  is  a  direct  analogy  between 
the  compounding  of  a  dynamo  to  give  constant  voltage  at 
constant  speed,  and  the  compounding  of  a  motor  to  run  at 
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constant  speed  on  mains  of  constant  voltage.  We  have 
also  seen  that  in  the  case  of  a  generator  it  is  possible  to 
substitute  for  compounding  the  process  of  boosting,  by 
auxiliary  use  of  a  motor-driven  auxiliary  generator. 

Analogous  considerations  apply  to  the  problem  of  driving 
motors  from  constant-potential  mains,  for  by  combining  with 
the  motor  which  is  to  be  driven  (or  with  an  auxiliary  motor) 
an  armature  which  performs  the  part  of  generator,  one  may 
apply  the  electromotive  force  so  generated  to  raise  or  lower 
the  voltage  that  is  imparted  to  the  motor,  so  changing  its 
speed.  The  compensation  method  was  invented  by  Ayrton 
and  Perry  ^  who  applied  it  for  the  purpose  of  keeping  motor 
speed  constant  under  varying  loads.  One  of  their  methods 
is  shown  in  Fig.  522^.  The  motor,  M,  to  be  driven  is 
coupled  mechanically  to  a  smaUer  dynamo,  D,  in  this  case 
a  series  machine,  arranged  to  add  its  current  to  that  coming 
in  from  the  mains.  Fig.  522^  depicts  a  combination  due 
to  Mordey  and  Watson  (1885).  The  armature  in  this  case 
has  two  windings  with  separate  commutators,  or  two  arma- 
tures, both  within  the  same  field-magnet.  The  main 
armature  is  the  motor,  the  other,  a  small  armature  marked 
D  in  Fig.  522^,  acts  as  a  generator  and  simply  supplies 
additional  current  to  the  field-magnet.  Assume  the  machine 
to  be  running  at  a  certain  speed  on  a  certain  load.  Then 
when  the  load  is  lessened,  any  increase  of  speed  tends,  at 
once,  to  strengthen  up  the  field  and  so  bring  down  the 
speed  to  its  normal  rate.  In  another  plan,  Fig  522^, 
patented  by  Lamme,  the  auxiliary  generating  armature 
supplies  the  current  to  its  own  shunt-field,  and  to  the  field 
of  the  motor  also.  Fig.  522^/  is  a  modification  of  the 
original  Ayrton  and  Perry  plan  to  put  the  armature  of  the 
auxiliary  dynamo  in  series  with  that  of  the  motor  it  is  to 
control.  Changes  of  speed  can  be  effected  by  rheostats  in 
the  shunt  of  either  armature.  Insertion  of  resistance  in  either 
shunt  circuit  raises  the  speed. 

The  combination  depicted  in  Fig.  522^  represents  an 
arrangement  in  which  the    dynamo  B  inserted  in  the  main 

*  Journal  Soc,  Teleg.  Engineers^  xii.,  May  1883. 
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circuit  of  the  motor  M  is  not   driven    by  the  latter,  but  by 
an  auxiliary  motor  A,  which   takes   its   current  direct  from 
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Fig.  522. — Diagrams  of  Compensation  and  Reducer  Methods. 
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the  mains  and  runs  at  a  nearly  constant  speed.  The  field 
magnet  of  the  dynamo  is  excited  by  a  shunt  across  the 
mains,  with  a  controlling  rheostat  R  inserted.  At  starting 
this  rheostat  is  put  at  zero  resistance,  so  that  the  dynamo 
yields  its  highest  electromotive-force  counter  to  that  of  the 
mains,  when  the  motor  M  is  switched  in  it  therefore  receives 
a  greatly  reduced  voltage.  The  rheostat  is  then  moved 
step  by  step  reducing  the  electromotive-force  of  the  dynamo 
and  increasing  the  voltage  given  to  the  motor  M,  the  speed 
of  which  rises  accordingly.  Fig.  522/  shows  a  variety  in 
which  a  differential  booster  is  similarly  used  as  a  reducer. 
Fig.  522^  depicts  the  special  device  of  Ward  Leonard,^ 
which  is  practically  the  reverse  of  the  preceding  arrangement. 
The  shunt  booster  is  here  employed,  not  to  reduce  the 
voltage  of  the  mains,  but  to  create  a  variable  voltage  that 
is  directly  applied  to  the  motor  M.  Two  rheostats,  Rj  in 
tjie  exciting  circuit  of  the  booster  generator  B,  and  R2  in 
the  exciting  circuit  of  the  motor  M,  control  the  speed. 
At  starting,  Ri  is  set  with  all  resistance  in,  so  that  the 
voltage  generated  by  B  is  as  low  as  possible,  while  R2  is 
set  at  zero  so  that  the  motor's  field  is  as  strong  as  possible. 
The  highest  speed  is  obtained  when  the  positions  are  re- 
versed. Ward  Leonard  has  devised  many  varieties  of  this 
idea  to  adapt  it  to  a  3-wire  system  and  for  reversing  the 
motor  as  required  in  elevators.  Fig.  522A  is  a  modification 
due  to  D6ri '^  Employing  a  differential  booster.  Fig.  522/  is 
a  recent  combination  by  Essberger,^  in  which  a  shunt  booster 
is  employed  as  reducer  for  a  series  motor. 

In  the  systems  known  as  the  Bullock  Teaser  and  Spence's 
Reducer,  a  motor-generator  is  combined  with  the  main  motor 
in  the  manner  diagraramatically  indicated  in  Fig.  523,  and 
which  differs  from  any  of  the  preceding  in  that  the  changes  of 
speed  are  brought  about  by  rheostats  placed  in  the  armature 
circuits  of  the  two  motors,  and  not  in  their  exciting  circuits. 

»  British  Patent,  No.  14503,  of  1891 ;  U.S.  Patents,  Nos.  463802  and  468100. 
See  also  Proc.  Amer.  Instit,  Elect.  Engineers^  Nov.  18,  1896,  also  American 
Electrician^  Nov.  1902. 

*  British  Patent,  No.  11523  of  1902.         *  British  Patent,  No.  22031  of  i^j, 
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One  disadvantage  of  these  booster  and  reducer  methods 
is   the   cost   of  the    auxiliary   apparatus.     For   example  to 

drive    with    variable   speed    a    coal 

hoist,    the    motor    being    a    6-pole 

v°v     I      ^  ^        machine   rated   at   75    kilowatts  at 

a  normal  speed  of  200  r.p.tn.^  and 
working  at  250  volts,  there  was 
required  an  auxiliary  motor,  also 
6-poIe,  rated  at  112  kilow^atts  at  a 
normal  speed  of  450  r./.w.,  working 
on  the  mains  at  550  volts,  and 
driving  a  6-pole  generator  rated  at 
85  kilowatts  at  450r.^.w/.,  generating 
250  volts.  Each  of  the  auxiliaa 
machines  composing  the  booster 
was  therefore  a  machine  of  the  same 
class  as '  the  hoist  motor  and  of 
larger  size.  The  extreme  flexibilit) 
of  the  system  and  the  smoothness  and  economical  nature  01 
the  control,  are,  however,  such  as  to  justify  the  increased 
outlay. 


1 
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Design  of  Continuous-Current  Motors. 

As  a  motor  is  simply  a  dynamo  reversed  in  its  function^ 
the  same  general  principles  govern  its  design  as  those  whidi 
govern  the  design  of  generators.  Indeed,  laige  motors  may 
be  and  often  are  identical  in  their  design  with  generators 
Where,  however,  one  large  generator  is  required  to  furnish 
current,  there  are  usually  required  a  number  of  smaller 
motors.  In  the  design  of  small  machines  there  arise  innumer- 
able little  details  and  differences  special  to  individual  manu- 
facturers. It  must  suffice  here  to  deal  only  with  generalities, 
and  foremost  amongst  them  the  point  that  for  securing 
satisfactory  commutation,  the  field-magnet  must  be  relatively 
strong.  Carbon  brushes  being  now  almost  universal  for  motors, 
there  is  less  trouble  on  this  score  than  used  to  be  the  case. 
Motor  design  often  resolves  itself  into  some  special  problem. 
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for  example,  how  to  construct  the  armature  to  give  the  required 
power  while  not  exceeding  some  prescribed  length,  as  is  the 
condition  in  railway  motors,  or  how  to  construct  the  motor  so 
that  while  wholly  enclosed  it  shall  not  overheat.  Again,  the 
design  of  fan-motors  is  mainly  a  question  of  designing  to  suit 
special  processes  of  manufacture  in  quantity  requiring  the 
smallest  amount  of  machining  or  hand-labour. 

Useful  Formulcein  Design, — Although,  as  remarked  above, 
a  motor  might  be  designed  simply  as  a  dynamo  of  the 
equivalent  number  of  kilowatts,  it  is  possible  to  proceed  on 
an  independent  plan.  The  size  of  the  armature  depends 
primarily  only  071  the  torqne  which  the  motor  is  normally 
required  to  exert,  and  does  not  directly  depend  upon  its  speed. 
Hence  given  the  torque,  it  is  possible  to  deduce  the  appro- 
priate size  of  armature.  In  the  argument  that  follows,  the 
symbols  have  the  same  meanings  as  in  Chapter  XVIII.  on 
Dynamo  Design,  viz.  C^  =  whole  current  in  armature  ;  Ci  = 
current  in  one  conductor  ;  c  =  number  of  armature  circuits 
in  parallel ;  /  =  number  of  poles  ;  q^  =  ampere-conductors 
per  inch  of  periphery ;  B^  =  mean  flux-density  at  the  pole- 
face  ;  i/r  =  ratio  of  equivalent  pole-arc  to  pole-pitch  ;  and 
T  =  the  normal  full-load  torque,  in  pound-feet. 

Then,  starting  with  the  fundamental  motor  formula,  we 
have,  from  p.  812, 

T  =  0-1175  M  C«  ; 


also 


further 


and 


M  =^ZN  -T-io«; 
c 

qx  =^  CiT.  -T-TTd] 

N  =  B^Xi/rX/X  ird-^p. 
Inserting   these   successively    into   the  first  equation,  we 


P'Ct  • 


T  =  0-II75  X  B^  .  '^  .  ^1  .  TT^  .  rf2  .  /^  108. 

3  I  2 
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whence 

^V  =  86-3  X  io«  ^     -T .  .    [I.] 

This  formula  may  be  compared  with  the  corresponding 
formula  for  dynamo-design  on  p.  542.  To  apply  this  formula 
we  must  know  from  experience  what  are  the  appropriate 
values  for  B^,  '^,  and  q^  respectively.  In  tramway  motors  we 
may  take  as  typical  values  B^  =  66,000 ;  '^  =  o  •  7  ;  ^1  =  500 
to  520.  In  small  motors  of  i  to  5  H.P.,  the  values  of  B^  and 
^1  are  somewhat  lower,  and  in  those  of  less  than  i  H.P  are 
seldom  half  as  great.  If  we  assume  the  above  values  for 
tramway  motors  we  may  at  once  deduce 

^/  =  3-64T.         .  .         [II.] 

Example. — ^A  narrow-gauge  tramway  motor  is  required  to  exsrt 
a  normal  torque  of  630  pound-feet;  required  the  diameter  of  the 
core,  the  length  between  core-heads  being  limited  to  9  inches.  By 
the  preceding  formula  d'^l  -  630  x  3*64  =  2300.  Hence  d-  = 
2300  -7-  9  =  255.     So  that  d  =  16  inches. 

Another  useful  formula,  analogous  to  [IV.]  on  p.  542, 
is : 

rfV=f—    ;       .         .  .     [III.] 

r,p,tn. 

where 

f  =  45-36  X  io»«^-     /-  ;     .      [IV.] 

the  symbol  rj  being  the  efficiency  including  the  efficiency  of 
the  gearing. 

Example. — To  find  the  size  of  the  armature  core  of  a  slow-speed 
motor  of  2  H.P.,  at  900  revs,  per  min.  Assume  B^  =  48,000 ;  q^ 
=  185  ;  i/r  =  o*75  ;  77  =  0*85.  Then  f  =  80,000;  and  d^l  =  177. 
Hence  following  trial-values  : — 

d^  6-5;  /=4-5   ] 
^=7'o;  /=  3-55^ 

^  =  7-5;  ^=  S'isJ 

Of  these,  for  a  4-pole  semi-enclosed  type,  the  best  proportions 
are  given  i{  d  =  j  inches. 
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The  number  of  poles  will  be  settled  in  small  motors  by 
considerations  as  to  construction,  and  in  large  ones  by  the 
desirable  number  of  armature  circuits.  From  the  number  of 
poles  and  the  trial  values  for  d  and  /,  trial  values  are  got  for 
the  size  of  pole-face  and  of  the  magnetic  flux.  Multiplying 
the  perimeter  ir  d  hy  the  specific  load  ^1,  gives  the  total 
ampere-conductors  around  the  armature,  and  this,  divided  by 
the  current  in  one  conductor,  gives  Z.  Then  from  Z,  N,  and 
the  prescribed  voltage,  one  finds  the  normal  full-load  speed. 
This  is,  of  course,  known  if  the  normal  full-load  torque  and 
horse-power  are  prescribed ;  and  in  that  case  Z  may  be 
calculated  from  speed,  flux,  and  voltage.  The  trial-value  of 
Z  so' found  must  then  be  adjusted  in  the  usual  way  to  suit  the 
winding  and  for  proper  grouping  in  the  slots.  To  meet  this 
adjustment  it  may  be  needful  to  adjust  d  and  N  or  both.  In 
adjusting  Z,  regard  must  be  had  to  the  number  of  segments 
K  of  the  commutator ;  for  in  motors  it  is  common  to  have 
several  loops  of  winding  per  segment.  The  number  of  loops 
per  segment  is  fixed  by  the  voltage  of  the  machine,  and  the 
permissible  number  of  volts  per  segment.  In  500-volt  motors 
this  sometimes  runs  as  high  as]  20  or  even  22  volts.  The 
example  given  later  will  make  this  point  clear. 

Another  possible  procedure  in  designing  a  motor  for  a 
vehicle  is  to  begin  by  ascertaining  the  effort-factor  M  from  the 
prescribed  draw-bar  pull,  size  of  driving-wheel,  gear-ratio,  and 
the  normal  full-load  current.  In  this  case  formula  [VIIL], 
p.  814,  is  applicable  and  may  be  written 

M  =  4-2PD«,-^C«;       .  .      [V.] 

where   P   is   the   draw-bar  pull   in  pounds'  weight ;  D^  the 
diameter  in  feet  of  the  driving-wheel ;  and  g  the  gear-ratio. 

Example, — In  the  "  G.E.  52  "  motor  taking  51  amperes,  and  with 
a  gear-ratio  of  4*78  (i.e.  gear-wheel  67  teeth,  pinion  14  teeth),  with 
driving-wheels  33  inches  ( =  2*75  feet)  in  diameter,  to  give  a  draw- 
bar pull  of  830  potind^  weight,  the  value  of  M  must  be  : — 42  x  830 
X  2'75-^(4'73  X51)  =  39'3- 
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An  example  of  tramway  motor  design  carried  out  in  detail 
is  given  in  Hanchett's  Modem  Electric  Railway  Motors  (New 
York,  1900). 

For  factory  and  mill  motors  design  follows  more  nearly 
that  of  dynamos.  The  example  of  a  3  kilowatt  dynamo 
given  on  p.  644,  would  serve  equally  well  for  a  4  H.P.  open 
motor.  To  adapt  its  form  as  a  semi-enclosed  motor  of  4  H.P., 
or  an  enclosed  motor  of  3  to  3^  H.P.,  the  field-magnet  should 
be  re-designed  with  a  cylindrical  yoke  having  end-flanges  to 
which  the  end  frames  can  be  bolted.  There  would  be 
4  magnet  cores,  each  about  3  inches  long,  making  the 
external  diameter  of  the  yoke  about  \^  inches. 

The  current  designs  of  small  motors  of  special  type  for 
fans,  are  described  in  the  American  Electrician,  xii.  167, 
April  1900;  xiii.  158,  April  1901  ;  and  xiv.  116,  March   1902. 
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Seeing  that  any  good  dynamo,  large  or  small,  will  ser\-e  as 
a  motor  if  supplied  at  the  appropriate  voltage,  it  might  have 
been  supposed  that  any  separate  description  of  motors  was 
superfluous.  But  the  requirements  in  the  various  industries 
of  motors,  and  particularly  of  small  motors  adapted  to 
particular  needs,  have  led  to  the  evolution  of  special  types. 

The  ordinary  motors  of  to-day  may  be  classified  as  open, 
semi-enclosed,  and  enclosed  motors,  the  latter  being  employed 
in  those  factories  where  for  reasons  of  avoiding  fire-risk,  the 
moving  parts  must  be  absolutely  protected  from  access. 
Enclosed  motors  were  first  introduced  in  mining,  and  for 
tram-car  propulsion,  but  their  use  has  widely  spread  in  spite 
of  the  circumstance  that  they  are  heavier,  and  for  an  equal 
rise  of  temperature  must  be  rated  as  of  some  15  to  20  per  cent, 
lower  in  power  than  open  motors  of  equal  size. 

The  Crocker-Wheeler  Co.,  of  Ampere,  N.J.,  has  long 
made  a  speciality  of  small  motors.  Fig.  524  gives  a  view  of 
the  bi-polar  open  motor  of  this  firm.     Each  magnet  limb  is 
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stamped  in  one  piece  out  of  wrought-tron  or  mild  steel,  and 
set  firmly  in  a  cast-iron  bed.  The  armature  is  built  up  of 
toothed  core-plates  (Jc'vg.  287,  p.  426)  and  ring-wound  ;  the 
finished  armature  being  represented  in  Fig.  525.  A  starting- 
gear  is  usually  provided  with  these  motors  consisting  of  a 


Fig.  514.— C  rocker- Wh  be ler  Motor. 

switch,  with  resistances,  so  arranged  that  the  field-magnet  is 
first  excited,  the  armature  then  thrown  into  circuit  with  a 
resistance  which,  when  the  motor  acquires  speed,  is  cut  out  by 
a  further  movement  of  the  starting  switch.  For  use  in  arc- 
lights  circuits '  a  centrifugal  governor  is  added  to  the  shaft. 


Fiu.  525. — Armature  of  Crocker-Whkel,er  Motor. 

For  sizes  up  to  10  H.P,  the  bi-polartype  is  used,  but  for  large 
sizes  4-pole  designs  of  the  type  of  Fig.  417  are  preferred. 

'  For  some  ■ccounl:  of  molmi  for  coottanl-current  circuit^i,  see  Elatrica. 
World,  XV.  269,  1890  ;  vvii.  120  and  130,  189I ;  also  Ekclritian,  xxr.  16,  45  and 
131;  1890. 
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For  further  accounts  of  the  Crocker- Wheeler  motors,  and 
their  application  to  driving  workshop  tools,  the  reader  is 
referred  to  the  technical  journals.^ 

Another  popular  form  of  motor  is  that  designed  by 
Mr.  R.  Lundell.  The  form  of  field-magnet  of  this  type  is 
depicted  in  Fig.  68,  p.  125. 

Standard  series  of  factory  motors  are  now  put  on  the 
market  by  many  manufacturers,  such  as  Messrs.  Greenwood 
and  Battley,  Messrs.  Tangye,  Messrs.  Laurence  Scott  &  Co., 
the  British  Thomson- Houston  Co.,  the  General  Electric  Co., 
and  others. 


Fiu.  526. — A.E.G.  Open  Bj-polaie  Motok. 

In  Germany  the  Allgemeine  Elektricitats  Gesellschaft  has 
made  a  speciality  of  small  motors,  both  for  continuous-current 
and  alternating.  Their  typical  form  up  t3  12  H.P.  is  shown 
in  Fig.  526,  For  larger  outputs  4-pole  and  6-pole  machines 
are  used.  This  company  has  long  systematized  its  manu- 
factures.    The  following  table  includes  the  usual  sizes: 

'  See  EngiHterins:,  xliv.  83,  1887  ;  also  Eltttrira!  Worhl,  ix.  4,  9  and  203 ; 
\iii.  309,  1889 ;  IV.  114,  169  and  370,  1890  ;  xvij.  130,  191,  Also  se«  Professor 
Crocker's  boo):,  entitled  Prailiiat  ManagtnunI  of  Dyuamet  and  Metori,  um)  a 
Eeriei  of  liajieis  by  Profcsaor  Crocker  ill  E/kI.  Eapntii-  (N.V.),  r?9i  nnd  1S91. 


/ 
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Since  the  introduction  of  the  compact  three-phase  induc- 
tion motors,  the  design  of  small  continuous-current  motors 
has  greatly  changed.  They  are  now  almost  always  made 
with  4  poles  projecting  inwardly  from  a  surrounding  cylin- 
drical yoke;  and  the  bearings,  instead  of  standing  upon 
separate  pedestals,  are  bracketed  out  on  end-plates  screwed 
to  the  yoke,  thus  securing  alignment  by  the  simplest  means. 
In  the  case  of  totally  enclosed  motors  the  output  is  limited  by 
the  amount  of  external  surface,  and  the  internal  temperature- 
rise.  Messrs.  Mather  and  Piatt  provide  the  yokes  of  their 
motors  with  external  ribs  to  furnish  a  large  cooling  surface. 

For  motors  of  moderate  size  at  low  voltages  up  to  1 50  volts 
one  finds  both  lap-windings  and  wave-windings  ;  while  for 
400  to  500  volts  it  is  preferred  to  employ  former-wound  coils 
with  a  series  grouping.  For  example,  a  well-known  firm 
designs  its  semi-enclosed  10  H.P.  motor  at  440  volts  with 
25  slots  only,  containing  25  former- wound  coils,  each  of  20 
turns  making  •  40  wires  per  slot,  each  wire  being  80  mils 
in  diameter  covered  to  96  mils.  The  slot  insulation  in  this 
case  is  of  micanite  and  tough  paper  preparations.  But, 
using  the  same  magnet-frame,  and  an  armature  of  the 
same  size,  to  run  at  the  same  speed  (850  revolutions  per 
minute),  but  at  no  volts,  the  same  makers  use  core-disks 
with  65  slots,  there  being  65  former-wound  coils,  each  of 
2  turns ;  each  slot  having  4  wires  172  mils  in  diameter 
covered  to  184  mils.  The  slot  insulation  in  this  case  is 
simply  varnished  hard  cardboard.  This  motor  is  rated  at 
13  H.P.  as  the  lower  voltage  permits  of  more  of  the  slot-space 
being  occupied  by  copper. 

Plate  XXVIII.  depicts  a  30  H.P.  tramway  motor  supplied 
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to  the  Bradford  Corporation  by  Messrs.  Witting,  Eborall  & 
Co.  It  is  rated  at  30  H.P.,  that  being  the  load  it  can  stand 
for  one  hour  without  undue  heating  (i.e.  a  rise  not  exceeding 
75  deg.  Centig.)  with  cover  closed,  and  is  specified  to  g^ve 
a  draw-bar  pull  of  1000  lb.  when  running  at  10  miles  per 
hour  on  30-inch  wheels.  The  gear-ratio  is  4*6,  the  pinion 
having  1 3  teeth  and  the  gear-wheel  60.  The  normal  motor- 
speed  is,  therefore,  560  revolutions  per  minute.  The  arma- 
ture is  a  drum  with  37  former-wound  coils  of  12  turns  each, 
lying  in  37  slots  of  dimensions  0*5  wide  by  1*313  inch  deep. 
The  diameter  of  the  core  is  13*4375  inches,  and  its  gross  leng^th 
5*905  inches.  The  slots  are  insulated  with  micanite,  each 
armature  "  coil "  being  separately  insulated  and  baked  before 
placing  in  the  slots  ;  they  are  held  in  place  by  wooden  strips 
and  binding-wires.  The  field  frame  is  cast  in  two  bowl- 
shaped  pieces  hinged  together  so  as  to  be  dust-proof  and 
water-proof  The  field-magnet  is  four-polar  with  pole-cores 
built  of  laminations  bolted  to  faced  seatings  from  the  outside. 
The  stampings  forming  these  poles  are  of  the  softest  sheet- 
steel,  uninsulated  but  provided  with  a  ventilating  duct  in 
each  pole.  All  the  poles  are  wound.  The  coils  are  wound 
on  a  former,  then  wrapped  with  micanite  cloth,  then  taped, 
finally  impregnated  with  an  oil-  and  water-proof  varnish  and 
baked.  They  are  held  firmly  against  their  seatings  by  the 
projecting  pole-tips.  The  weight  of  the  motor  without  gear- 
wheel or  gear-case  is  1480  lb.  Fig.  515  gives  the  test- 
curves  of  this  machine,  and  shows  that  the  efficiency  is  high 
over  a  considerable  range  of  load.  The  temperature  rise  at 
the  end  of  a  working  day  is  not  more  than  55  deg.  Centig.  for 
the  armature  and  60  for  the  field  system.  Owing  to  the  high 
saturation  of  the  teeth,  the  motor  runs  sparklessly  at  all 
loads. 

The  late  Professor  S.  H.  Short  published  in  the  Electrical 
Review,  xlviii.  545,  589,  March  29,  and  April  5,  1901,  an 
account  of  the  construction  of  a  25  H.P.  tramway  motor  of 
Messrs.  Dick,  Kerr  &  Co.  The  general  design  of  this 
machine  is  very  similar  to  that  last  described.  The  laminated 
field-poles  have  two  ducts  for   the   circulation  of  air.     The 
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former-wound  coils  after  being  taped  and  water-proofed,  are 
forced  over  a  thin  bronze  sleeve  which  is  slipped  over  the  pole- 
cores   before   the  latter  are  bolted  to  their   seatings.      The 
armature-core  is  constructed  of  disks  with  41  slots  and  pro- 
vided also  with  5  ventilating  apertures;  2  ventila ting-ducts 
are  also  left  in  the  core-body.     The 
armature-coils   are   former-wound,  of 
triple    cotton  -  covered     round    wire. 
Each  separate  coil  is  stoved,  dipped 
into  insulating-varnish,  and  dried,  this 
process  being  repeated  several  times^ 
Three   such   coils   are   laid    together 
in  a  trough  made  of  mica,  press-board, 
and  linen  for  slot-insulation,  and  are 
then  taped  together  with  two  layers 
of  thin   webbing.     The  triple  coil  is 
^ain  dipped  in   varnish  and  baked. 

The  41  such  compound  coils  thus  contain  123  separate  colls, 
which  are  joined  up  in  the  manner  shown  in  Fig.  251. 
p.  402,  and  are  united  to  a  commutator  with  123  segments. 


Fig.  528.— Comfleted  Motor  Armature  (S.  H.  Short). 

Each  coil  spans  over  10  armature-teeth.     Fig.  528  shows  a 
completed  motor  armature  of  the  type  described. 

Parshall  and  Hobart,  in  their  book  on  Electric  Generators, 
describe  in  detail  a  27  H.P.  tramway  motor  of  the  General 
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Electric  Co.  running  at  640  revolutions  per  minute  and 
taking  5 1  amperes  at  500  volts.  It  gives  a  draw-bar  pull  of 
770  lb.  weight,  when  running  at  13 'i  miles  per  hour  on 
wheels  33  inches  in  diameter,  with  a  gear-ratio  of  4*78.  It 
is  a  4-pole  machine  with  a  two-circuit  former-wound  armature 
having  29  slots,  with  87  former-wound  compound  coils, 
therefore,  three  to  each  slot,  each  such  coil  consisting  of 
4  turns.  Hence,  there  are  24  wires  in  each  slot,  making  the 
total  number  of  "  conductors  '*  696.  The  wire  has  to  carry 
2$^  amperes  and  is  102  mils  in  diameter.  The  slots  are 
I '29  X  0*4687  inch.  The  gap  is  0*125  above  and  0*156 
below  the  armature.  The  core-body  is  1 1  inches  in  diameter 
by  9  inches  long,  with  2  air-ducts.  The  commutator,  with  87 
segments,  is  8  inches  in  diameter  and  4  inches  long,  with 
mica  insulation  108  mils  thick.  There  are  2  carbon  brush- 
sets,  each  of  2  brushes  with  face  i  i  X  J  inch. 

The  magnet-cores,  built  of  stampings,  are  4*375  inches  wide 
assembled  to  a  thickness  of  9  inches  and  3*875  inches  long.  The 
4  field-magnet  coils,  which  are  in  series,  have  156]^  turns  each  of  wire 
182  mils  diameter.  The  mean  length  of  i  turn  is  36  inches.  The 
total  resistance  (hot)  of  all  4  coils  is  0*76  ohm.  The  amiature 
resistance  (hot)  is  o  *  36  ohm.  The  various  drops  at  full-load  are  :— 
armature  18*3  volts,  magnet-coils  38*6  volts,  brush  contacts  2*4 
volts,  total  59*3  volts.  The  current  densities  are: — armature  3130, 
magnet-coils  1920,  bmshes  40*8  amperes  per  square  inch.  The 
full-load  flux  is  2*96  megalines  in  the  armature,  and  3*75  in  the 
pole-core,  the  dispersion  coefficient  being  1*25.  The  magnetic 
densities  at  full-load  are: — armature  177,000  (apparent),  teeth 
144,000  (apparent),  gap  66,000,  pole-core  and  yoke  96,000.  Of  the 
exciting  ampere-tums  37  per  cent,  are  spent  on  the  gap,  34  per  cent, 
on  the  armature-core,  2 1  on  the  teeth,  8  on  the  pole-core  and  yoke. 
The  specific  load  is  513  amp^eres  per  inch  of  periphery.  The 
average  voltage  per  segment  is  21.  The  reactive  ampere-tums  per 
pole  are  2200.  The  losses  are  distributed  as  follows  : — armature  iron 
IT 20  watts,  armature  copper  925,  magnet  coils  2000,  commutator 
and  brushes  218,  friction  of  gearing  1200,  total  5463  watts.  The 
output  at  rated  capacity  is  20,200  watts.  Hence,  input  is  25,663  watts, 
and  efficiency  79  per  cent.  The  weight,  without  axle,  gear  and 
gear-case,  is  1460  lb. 


Continuous-Current  Motors. 


It  will  be  noted  how  differently  the  losses  are  apportioned 
between  the  parts  as  compared  with  the  apportionment  usual 


in  generators.     Also  what  high  mi^netic  and  electric  densities 
are  allowed. 

Fig.   529   gives   sections   of  a    150    H.P.   railway   motor 
constructed  by  the  Oerlikon  Machine  Works.     It  is  designed 
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for  450  revolutions  per  minute  on  a  supply  at  750  volts.  The 
armature  has  49  slots,  receiving  49  former-wound  coils,  each 
coil  containing  12  wires  140  mils  in  diameter,  covered  to 
150  mils.  The  slots  are  i  '615  inch  deep  and  0-59  inch  wide. 
The  armature  wires  are  two  in  parallel,  so  that  the  24  wires  in 
each  slot  will  be  reckoned  as  12  "conductors."  Each  of  the 
4  poles  receives  a  coil  of  63  turns  in  series,  each  turn  being 
two  wires  in  parallel  of  a  diameter  of  o  ■  276. 

Gearless  Railway  Motor  1 17  H.P. — The  British  Thomson- 
Houston  Ca  supplied  to  the  Central  London  Railway  several 


1 
I"iG.  530.— Enclosed  Motor  of  Olklikon  Co.,  ii  H.P.  a.t  800  r.f.m. 

gearless  motors  of  the  type  RM  4 — 117 — 183,  taking  193 
amperes  at  500  volts  at  normal  full-load.  These  are  described 
by  Parshall  and  Hobart  {EUciric  Generators,  p.  256),  but 
have  since  been  superseded  by  single-reduction  motors  rated 
at  130  H.P.  Each  motor  armature  has  39  slots,  with 
10  conductors  per  slot.  The  armature  is  ventilated  through 
the  shaft,  which  is  hollow. 

Oerlikon  Enclosed  Motor. — Figs.  530  and  53!  show  a  recent 
type  of  enclosed  motor  for  use  on  cranes  or  for  coupling  to 
large  machine  tools.     It  is  rated  at  9  to  12  H.P.  according  to 
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voltage  and  speed,  being  designed  for  800  revolutions  per 
minute,  Pole-cores  and  casings  are  of  steel  cast  in  one  piece. 
Two  only  of  the  poles  are  wound.  The  armature  is  ring- 
wound. 

Siemens  and  Halske  Carriage  Motor. — Figs.  532  and  533 
illustrate  a  motor  suitable  for  a  narrow  gauge  tramcar.  The 
same  firm  has  recently  constructed  light  motors  of  similar 
type  with  two  commutators  for  automobiles  and  postal  carts. 
They  have  series^parallel  control  and  electric  braking.  .-V 
motor   weighing   about   440  lb.,   working    at   80   volts,   and 


Fig.  531.— Trans vbrse  Section  of  Oerlikon  Enclosed  Motor. 

making  800  revolutions  per  minute,  will  drive  a  car  weighing 
from  1  to  2  tons  at  a  speed  of  10  to  15  miles  per  hour. 

A  very  compact  automobile  bipolar  motor  of  about  4  H.P., 
constructed  for  M.  Jeantaud  by  the  Postel-Vinay  Co.,  is 
described  in  Traction  and  Transmission,  of  July  1902,  p.  185. 

Thury  Railway  Motor,  RM  6 — 125 — 525. — Figs  534  to 
536  show  a  6-poIe  steel  motor  by  La  Compagnie  de 
rindustrie  tiectrique,  Geneva.  These  motors  were  con- 
structed for  the  rack  locomotives  of  the  Aigle-Leysin  and 
Bex-Gryon-Villars   mountain    railways.     Each  locomotive  is 
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equipped  with  two  motors  having  single  reduction  gear.  The 
motors,  which  are  operated  in  parallel,  have  an  output  of 
125   H.l*.,  and  at  650  volts  pressure  take  a   current  of  126 


Fic.  532. — Siemens  and  Halskb  Cab  Motor. 

amperes  ;  their  speed  is  525  revolutions  per  minute.  They 
have  six  poles  of  cast-steel  with  cast-steel  yoke  ;  the  motors 
are  series-wound,  the  magnet  coils  having  each  90  turns  of 


fiG.  533.— Siemens  k 

45  square  mm.  section  wire,  the  six  exciting  coils  being 
connected  in  two  parallels,  there  being  thus  3  coils  in  series. 
The  armature  has  232  slots,  each  21  x  35  mm.     In  each' slot 
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there  are  two  conductors  of  15  square  mm.  section.  The 
commutator  has  a  diameter  of  350  mm.,  and  has  232  seg- 
menfi.     The  armature  core   is  of  diameter   570   mm,,    and 


310  mm,  length.     The  shaft  is  105   mm,  in  diameter, 
pole  section  is  155  x  300  square  mm. 

Plate  XXIX.  depicts   a   Thuiy  motor  VM  4—15- 
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This    motor    is    completely  enclosed    and    is  designed  to 
run  on  a  vertical  axis.     It  was  constructed  for  the  Russian 


"  Gromoboi  "  ;  its  output  is  i  J  H.P.  at  600  revolutions 
per  minute,  atapressurc  of  100  volts  ;  thus  taking  13S  amperes 

3  K  2 
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at  full-load.  There  are  four  laminated  poles  slightly  rounded 
at  the  pole  tips,  and  fixed  by  means  of  a  rivet  and  two  screws 
to  the  carcass,  which  is  an  ordinary  casting.  The  machine  is 
shtmt-wound,  each  field  coil  being  wound  with  about  1050 
turns  of  wire  of  i  '76  sq.  mm.  section,  the  total  resistance  of  the 
four  coils  being  28*9  ohms  at  28  deg.  C.  The  armature  has 
113  slots  5  mm.  wide  and  18  mm.  in  depth,  there  being  in 
each  slot  two  conductors  of  19  square  mm.  section.  The  total 
resistance  of  the  armature  is  0*065  ohm  at  28  deg.  C.  Each 
slot  contains  two  conductors  having  a  section  of  about  19  square 
mm. ;  the  ends  being  connected  together  by  means  of  evolute 
connexions  of  25  square  mm.  section.  The  commutator  is 
180  mm.  in  diameter  and  has  1 1 3  segments.  * 
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CHAPTER   XXVI. 

REGULATORS,  RHEOSTATS,  CONTROLLERS  AND  STARTERS. 

Regulators  for  Dynamos. — Modes  of  governing  the  per- 
formance of  dynamos  are  needed,  not  only  for  keeping  the 
pressure  at  some  constant  number  of  volts  or  for  keeping 
current  at  some  constant  number  of  amperes,  but  also  for 
such  purposes  as  to  enable  the  voltage  of  any  one  dynamo  to 
be  raised  in  order  that  it  may  feed  into  some  distant  point  of 
a  distributing  network. 

The  voltage  of  a  dynamo  depends  on  three  intrinsic 
matters  namely  (i.)  speed  //,  (ii.)  number  of  armature  con- 
ductors Z,  and  (iii.)  magnetic  flux  N  ;  and  on  two  extrinsic 
matters,  namely  (iv.)  resistance  of  the  circuit,  and  (v.)  counter 
electromotive-forces  in  the  circuit.  It  is  therefore  clear  that 
any  one  of  these  five  matters  might  afford  a  method  of  con- 
trolling the  performance  of  the  machine. 

To  introduce  resistance  into  the  main  circuit  is  always 
wasteful,  and  may  be  dismis.sed  as  an  uneconomical  method 
of  regulation  suitable  only  for  experimental  purposes.  To 
introduce  counter  electromotive-forces  into  the  external  circuit 
can  be  done  in  the  case  of  alternate  currents  by  the  use  of 
choking  coils,  and  in  the  case  of  continuous  currents  by  the 
reversed  introduction  of  charged  secondary  cells ;  but  this  is 
impracticable  save  for  special  cases  on  the  small  scale.  It 
remains  therefore  to  consider  the  three  intrinsic  methods. 

Governing  the  voltage  by  changing  the  speed  is  clearly 
limited  to  those  cases  where  there  is  a  separate  engine  for  each 
dynamo  ;  and  in  such  cases  a  special  governor  will  be  required 
instead  of  the  usual  centrifugal  engine  governor. 

To  alter  the  number  of  conductors  in  a  rotating  armature 
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whilst  it  \s  running  is  absurd.  Their  effective  number  can, 
however,  in  some  cases  be  altered  by  the  device  of  shifting 
forward  the  brushes  so  that  they  collect  the  current  not  at 
the  point  of  highest  potential,  but  at  some  other  point.  This 
method  virtually  uses  some  of  the  armature  windings,  namely, 
those  between  the  neutral  point  and  the  point  to  which  the 
collecting  brush  is  advanced,  to  produce  internal  counter 
electromotive-forces. 

To  alter  the  magnetic  flux  is  the  almost  universal  mode 
of  control ;  and  it  may  be  accomplished  in  two  entirely 
distinct  ways.  Since  the  flux  depends  on  the  excitation  (or 
ampere-turns)  and  on  the  reluctance  of  the  magnetic  circuit, 
it  can  be  varied  by  varying  either  the  former  or  the  latter. 
The  excitation  may  be  altered  in  various  ways,  {a)  by  rheostats 
or  controllers  in  the  exciting  circuit,  or  (b)  by  altering  the  excit- 
ing voltage,  or  {c)  by  altering  the  number  or  grouping  of  the 
exciting  coils.  The  magnetic  circuit  may  be  varied  in  several 
ways,  as  {d)  by  moving  the  pole-pieces  nearer  to  or  further 
from  the  armature,  {e)  by  opening  or  closing  some  other  gap 
in  the  magnetic  circuit,  (/)  by  drawing  the  armature  end-wise 
from  between  the  pole-pieces,  {g)  by  shunting  some  of  the  mag- 
netic lines  away  from  the  armature  by  applying  a  magnetic 
shunt  across  the  limbs.  All  these  magnetic  devices  have  been 
tried,*  but  not  with  much  success  except  in  small  machines. 

Regulating  Rheostats, — A  rheostat  consists  of  a  set  of 
easily  adjustable  resistances.  These  resistances  are  usually  so 
arranged  that  they  can  be  introduced  into  or  cut  out  from  a 
circuit  in  a  regular  succession  of  operations  performed  by  the 
movement  of  a  switch  over  a  number  of  contact  points. 
The  method  of  regulating  the  voltage  of  a  shunt  dynamo 
(or  separately-excited  dynamo)  by  inserting   resistance  into 

^  For  an  example  of  (</)  see  Firth's  method  (see  Industries^  ix.  161),  in  whicii 
the  polar  masses  are  drawn  backwards  by  screws  \  and  of  {g)  a  magnetic  shunt 
applied  by  Desroziers,  La  Lumicre  flUctrique^  xxiv.  394.  Other  magnetic  methods 
have  been  used  by  Goolden  and  Trotter,  Langley,  P.  Miiller,  Lontin  and  Diehl. 
The  latest  examples  are  those  of  Hundt  (see  Eiektrot,  Zeitsckrift^  xxiii.  235,  and 
Couffinbal  (see  Bull,  Soc.  InterneUiofiale^  1903).  The  very  same  means  here 
enumerated  for  governing  the  voltage  of  generaiors  are  available  for  regulating 
the  speed  of  motors. 
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or  removing  it  from  the  exciting  circuit  was  described  on 
page  306,  Fig  172.  In  the  case  of  a  series  dynamo  the  regu- 
lation is  effected  by  applying  a  rheostat  to  shunt  the  magnet- 
izing coils. 

The  rheostats  needed  for  regulating  shunt-dynamos  require 
to  be  able  to  carry,  without  overheating  when  in  continuous 
use,  the  exciting  current.  They  ought  to  be  made  of  German 
silver,  rheostene,  or  some  such  alloy  the  resistance  of  which 
does  not  vary  much  with  rise  of  temperature.  They  must 
be  designed  to  have  a  sufficiently  great  total  resistance  to 
reduce  the  exciting  current  to  the  minimum  required  for  the 
lowest  voltage.  They  must  also  be  subdivided,  with  a 
sufficiently  large  number  of  contact  points  to  permit  of  their 
resistance  being  introduced  by  steps  with  a  sufficient  and 
regular  gradation.  Lastly  they,  must  be  properly  ventilated 
and  protected. 


Automatic  Regulators  for  Constant  Pressure 

AND  Constant  Current. 

In  all  automatic  regulators  there  is  a  part  which  has  to  act 
as  the  brain  of  the  instrument,  watching  as  it  were  against  any 
variation,  and  setting  into  action  the  mechanism  which  is  to 
counteract  the  variation.  This  watching  device  is  usually 
some  sort  of  an  electromagnet,  often  a  coil  with  a  movable 
plunger.  When  the  volts  are  to  be  kept  constant  the  coil  of 
the  controlling  device  must  be  wound  as  a  voltmeter  coil,  that 
is  of  fine  wire,  of  high  resistance,  and  connected  as  a  shunt 
across  the  mains.  When  the  amperes  are  to  be  kept  constant 
the  controlling  coil  must  be  wound  like  an  amperemeter  with 
thick  wire,  of  low  resistance,  and  inserted  in  the  main  circuit. 
Alternators  are  usually  regulated  by  operating  on  the  circuit 
of  their  exciters,  the  current  in  the  governor  coil  being  derived 
from  the  mains  by  a  small  transformer. 

Automatic  regulators  are  of  two  species  :  in  one  the  work 
of  moving  the  regulator  is  accomplished  mechanically,  the 
control  only  being  electrical ;  in  the  other  both  the  control  and 
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the  moving  power  are  obtained  electrically.  Groolden's 
regulator,  which  was  illustrated  in  the  previous  edition  of  this 
book,  belongs  to  the  former  of  these  classes.  The  sliding 
piece  of  the  rheostat  is  worked  by  a  vertical  screw,  and  this  is 
caused  to  rotate  right-  or  left-handedly  as  may  be  required 
under  the  operation  of  a  double  crown-wheel  on  a  sleeve  on 
the  vertical  spindle  to  which  rotation  is  imparted  by  a  small 


Fig.  537,— Thi'rv's  Regulator. 

pulley  driven  slowly  from  the  engine.  The  controlling  part 
— the  brain  of  the  apparatus-— is  a  solenoid  with  suspended 
iron  plunger.  When  the  current  in  this  coil  is  of  proper 
normal  strength  the  plunger  is  drawn  in  just  so  far  that  the 
crown-wheel  is  not  in  gear  either  with  the  upper  or  the  lower 
driver.  If  the  current  in  the  coil  grows  weak  the  plunger 
rises,  causing  the  crown-wheel  to  engage  in  the  upper  driving 
screw.^which  immediately  begins  to  move  the  sliding-contact 
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in  such  a  way  as  to  increase  the  excitation  of  the  dynamo,  and 
bring  back  the  current  in  the  coil  to  its  normal  strength. 
Slater  Lewis  introduced  a  differential  solenoid  arrangement 
into  the  regulator. 

In  Fig.  537  is  shown  an  automatic  regulator  of  the  first 
kind,  designed  by  Thury,  and  manufactured  by  the  Allgemeine 
Ca,  of  Berlin.  The  vertical  relay  is  shown  on  the  left;  it 
actuates  one  or  other  of  two  horizontal  coils  which  throw  into 
gear  one  or  other  of  the  two  bevel  wheels  that  drive  the  worm 
which  turns  the  rheostat  arm.  The  pulley  on  the  end  of  the 
driving  shaft  must  be  driven  slowly  from  the  engine ;  or  in 
emergency  may  be  turned  by  hand. 


finnnmr\ 


Fig.  538.— Brush's 


A  simple  example  of  the  purely  electric  regulator  is 
afforded  by  that  of  Brush  (Fig.  538)  by  which  a  series  dynamo 
is  made  to  yield  a  constant  current.  Across  the  field-magnets 
F  M  is  connected  a  carbon  shunt  C  of  variable  resistance,  the 
resistance  of  the  shunt  being  adjusted  automatically  by  a 
governing  electromagnet  B  whose  coils  form  part  of  the  main 
circuit. 

When  traversed  by  the  normal  current  it  attracts  its 
armature  A  with  a  certain  force  just  sufficient  to  keep  it  in  its 
neutral  position.  If  the  current  increases,  the  armature  is 
drawn  upwards  and  causes  a  lever  to  compress  the  column  of 
carbon  plates ;  the  current  thus  being  diverted  to  a  greater  or 
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lesser  extent  from  the  field-magnets.  This  regulator  will  keep 
the  current  constant  even  though  the  speed  of  driving  may  be 
irregular. 

Another  purely  electrical  regulator  is  that  used  with  the 
Thomson- Houston  arc-light  dynamo  (p.  747). 

A  regulator  devised  by  Waterhouse  employs  a  third  brush 
upon  the  commutator  to  carry  a  variable  portion  of  the  current 
around  a  special  circuit.  It  was  illustrated  in  the  previous 
edition  of  this  book,  as  were  also  the  regulators  of  Henrion 
and  of  Sperry. 

A  special  study  of  this  method  of  regulation  has  been 
made  by  Caldwell,^  who  has  shown  that  it  can  also  be  applied 
to  constant-pressure  regulation. 

For  constant-current  work  Wood  has  devised  a  regulator  in 
which  a  pilot  brush  is  also  employed,  but  there  are  two  exciting 
circuits  wound  differentially,  and  there  is  an  electro-mechanical 
-device  for  shifting  the  brushes,  attached  to  the  dynamo.  It 
was  depicted  in  the  former  edition. 

An  interesting  example  of  the  use  of  a  magnetic  shunt  to 
produce  a  constant  current,  occurs  in  the  regulator  of  Trotter^ 
and  Raver.shaw,  in  which,  instead  of  diverting  the  magnetic 
lines  out  of  their  usual  path  into  a  path  of  lower  magnetic 
reluctance  by  employing  a  movable  keeper  of  iron,  the  plan  is 
adopted  of  fixing  the  keeper  and  varying  its  effect  by 
surrounding  it  with  a  counter  magnetizing  coil. 

M.  Reignier^  has  drawn  attention  to  a  solution  of  the 
problem  of  exact  governing  to  procure  a  constant  current  by 
automatically  varying  the  number  of  coils  through  which  th« 
current  is  permitted  to  pass. 

Motor  Starters. 

When  a  continuous-current  motor  is  started,  resistance 
must  be  put  in  series  with  the  armature  because  as  there  is 

*  Elertrician^  xxii.  217,  1888  ;  and  remarks  by  Professor  Nicholls,  ifnd.^  441, 
1889. 

-  See  paper  by  A.  P.  Trotter,  in  Electrician,  xix.  374,  1887.  A  draMring  of 
the  governor  itself  is  given  in  the  Electrical  Revieiv^  xix.  289,  Sep*.  17,  i8S6. 

'  La  Lumihe  Atectrtque,  xxvi.  420,  1887. 
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no  back  electro-motive  force  to  counteract  the  applied  voltage 
of  the  line,  the  switching  of  the  latter  straight  on  to  the  small 
resistance  of  the  motor  itself,  would  result  in  an  abnormal 
rush  of  current.  This,  besides  being  bad  from  an  economical 
point  of  view,  and  productive  of  a  drop  of  voltage  on  the 
mains,  would  prove  injurious  to  all  but  the  smallest  motors. 
Therefore,  with  motors  above  about  2  H.P.,  it  is  usual  to  use 
starters,  A  starter  consists  essentially  of  a  suitable  resistance 
to  be  inserted  at  starting  to  reduce  the  initial  rush  of  current, 
and  which  can  be  cut  out  in  sections  by  ^successive  movements 
of  a  handle  as  the  motor  gets  up  speed. 

When  the  starter  is  first  put  on,  it  allows  a  current  of  say 
30  per  cent,  more  than  the  normal  fuil-load  current  to  flow  ; 
and  a  correspondingly  greater  torque  than  the  full-load  value 
is  exerted.  The  motor  starts  rotating  and  a  back  electro- 
motive force  is  set  up,  which,  as  the  speed  rises,  gradually 
reduces  the  current.  With  this  reduction  of  current,  the 
torque  is  reduced  and  the  motor  does  not  increase  in  speed  as 
fast  as  it  did  when  first  started.  When  the  current  has  been 
reduced  to  a  certain  value,  the  regulating  handle  is  moved  on 
round  to  the  next  contact  and  some  resistance  is  cut  out,  and 
current  and  torque  both  rise  accordingly.  As  the  induced 
electromotive-force  depends  on  the  magnetism  of  the  field- 
magnets,  it  is  important  that  these  should  be  strongly  magne- 
tized from  the  first.  In  the  particular  case  of  shunt  motors, 
the  starter  is  usually  arranged  to  switch  on  the  exciting 
circuit  before  any  current  is  allowed  to  pass  into  the  armature. 

Most  starters,  besides  having  the  ordinary  arrangements 
for  cutting  out  resistances,  are  provided  with  devices  auto- 
matically to  disconnect  the  motor  from  the  mains,  if  the 
supply  should  for  any  reason  fail,  or,  if  the  field  connexions 
are  broken  at  any  time,  or  again,  if  the  motor  should  become 
unduly  overloaded.  The  first  device  is  shown  in  Fig.  539. 
The  current  on  its  way  to  the  magnet  windings  is  taken 
round  the  coil  at  A,  so  that  when  the  switch  arm  is  moved  to 
the  full  "  on  "  position,  it  is  held  there  against  a  spring  through 
the  soft  iron  armature  B,  completing  a  magnetic  circuit  with 
the  projecting  iron  cheeks  of  the  electro-magnet  A.*    Should 
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current  fail  to  pass  through  the  exciting  circuit,  owing  to 
failure  of  supply  or  to  a  break  in  the  field  circuit  itself,  the 
electro-magnet  A  no  longer  attracts  the  armature  B,  and  the 
spring  pulls  the  switch  arm  back  to  the  "off"  position.  The 
armature  is  thus  protected  from  the  abnormal  rush  of  current 
which  might  occur  either  in  consequence  of  having  no  field, 
or  at  the  moment  when  supply  is  renewed. 

The  other  device  for  cutting  out  the  motor  when  it  is 
excessively  overloaded  has  various  forms.  In  medium-sized 
motors  it  takes  the  form  shown  in  Fig.  540. 

The  main  motor  current  passes    round  the  coil  C,  and  if 
an  excessive  current  is  flowing,  the  armature  D   is  attracted 
to   the   pole-piece    E,  and   thus  the  metal   at  F   makes   an 
electrical  connexion  between  M  and  N,  which  are  connected 


Frc.  539. — Motor  Starter 
No-Load  Releask. 


Fio.  540. — Motor 
Overload  Release. 


to  the  terminals  of  the  no-voltage  electro-magnet  at  A  in  Fig. 
539.  No  current  will  pass  through  the  coil  A  when  it  is  short- 
circuited,  and  therefore  switch  arm  will  fly  off.  By  means  of 
a  screw  adjustment,  the  device  may  be  set  for  various  con- 
ditions of  overload  ;  for  the  further  away  the  armature  is  from 
the  pole-piece,  the  larger  the  current  will  be  which  is  required 
to  move  it. 

For  motors  of  large  size,  this  device  is  replaced  by  an 
automatic  circuit-breaker  in  the  main  circuit.  Instead  of  a 
circuit-breaker,  some  engineers  prefer  a  fuse  for  overload 
protection,  as  a  fuse  takes  into  account  the  time  an  overload 
is  on  and  will  not  break  the  circuit  for  a  purely  momentary- 
increase  of  current.  A  circuit-breaker  is  set  at  a  certain 
maximum    current,   and  when   that  current  is   reached,  the 
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circuit  is  then  broken.  Because  of  this,  the  breaker  is  gener- 
ally set  for  a  higher  current  than  allowable,  so  that  momentary 
rushes  of  current  do  not  stop  the  motor. 

Fig.  541  is  a  motor-starter  of  the  British  Thomson- Houston 
■Co.,  furnished  with  no-voltage  and  overload  release  devices. 

Besides  the  safety  devices  described  above  to  protect 
the  motor  when  running,  some  starters  have  other  devices 
which  protect  the  motor  while  it  is  being  started  up.  If  the 
motor  has  only  the  arrangements  described  up  till  now,  there 


Fic.  S41. — MiiTOR  Starter  with  Rklbask  Dkvices. 

is  nothing  except  the  instructions,  to  prevent  an  unskilled 
person  from  putting  the  switch  arm  quickly  right  round  to 
the  full  "on  "  position  and  holding  it  there  until  the  over- 
load cut-out  is  out  of  action.  If  a  breaker  ora  fuse  were  used 
the  breaker  could  be  held  in,  but  the  fuse  would  blow,  and 
the  same  unskilled  person  would  be  induced  to  put  in  a 
heavier  one,  which  is  undesirable. 

A  device  used  by  the  Sturtevant  Engineering  Co.,  is  to 
have  the  actual  handle  used  for  starting  on  the  end  of  a 
iipindle  which  gears  by  a  worm  thread  on  the  switch-arm,  so 
that  when  the  handle  is  being  turned  at  the  fastest  possible 
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rate,  the  switch-arm  is  moving  round  at  a  moderate  speed 
only.  When  the  switch-arm  has  been  moved  round  to  the 
full  "  on  "  position,  it  is  free  to  fly  back  if  the  current  fails. 

Another  arrangement,  is  to  have  a  switch-arm  separate 
from  the  contact-arm,  the  two  being  electromagnetically 
connected  together  by  a  coil,  which  is  placed  in  the  circuit  in 
a  similar  position  to  the  no-volt  coil.  When  the  main  switch 
is  closed,  the  switch-arm  will  move  the  contact-arm  round ; 
and  if  it  is  moved  round  too  fast,  the  overload  cut-out  actuates 
and  short-circuits  the  coil  on  the  starting  arms  and  the 
contact  arm  flies  back  to  the  starting  {position.  When  the 
starter  is  enclosed  in  a  case  with  only  the  starting  handle 
outside,  it  then  becomes  "  fool-proof." 

The  Sturtevant  Co.  has  also  a  special  starter  for  motors 
above  50  H.P.,  consisting  of  a  number  of  switches  placed  side 
by  side ;  and,  when  starting  up,  interlocking  devices  allow 
only  one  switch  to  be  closed  at  a  time,  and  that  only  in  its 
right  turn.  In  case  of  overload  or  failure  of  current,  all 
switches  are  opened  simultaneously. 

Provisions  for  Stopping  Violent  Sparking  on  Switching 
Off. — When  the  motor  is  being  cut  out  because  of  over-load, 
arcing  will  occur  on  the  contacts,  especially  on  the  last  one 
where  the  current  is  finally  broken.  Because  of  this,  most 
firms  so  design  the  contacts  for  starters  of  large  motors 
that  they  are  easily  renewable. 

To  minimise  flashing  at  the  final  break,  the  first  two 
contacts  are  usually  dummies,  i.e.  there  is  no  connexion  from 
them  to  the  outside  circuit,  so  that  the  final  flash  is  spread 
over  the  distance  between  2  or  3  contacts.  The  British 
Thomson-Houston  Co.  makes  use  in  some  patterns  of  starters 
of  the  well-known  magnetic  blow-out  device,  by  means  of 
which  the  final  arc  occurs  between  the  poles  of  an  electro- 
magnet 

Special  Precautions  with  Shunt  Motors. — With  shunt 
motors,   because   of    the   large   self-induction   of    the   shunt 

windings,  account  has  to  be  taken  of  the  following  points  : 

(i.)  that  in  switching  on  the  field-magnet,  the  current  may  take 
an   appreciable  time  to  grow  to  its  normal  value  ;  (ii.)  that  in 
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switching  off,  especially  with  quick-break  switches,  high 
voltages  are  induced  in  the  windings,  and  may  do  damage 
to  the  insulation.  To  meet  the  first  point,  the  field  connexions 
are  generally  separated  from  the  actual  starter,  and  taken 
to  the  main  switch,  so  that  whenever  the  main  switch  is 
closed  the  current  flows  through  the  field  coils.  To  meet  the 
second  point  it  is  usual,  at  least  for  shunt  motors  of  small  and 
moderate  size,  to  unite  the  armature  and  field-magnet  circuits 
in  a  closed  circuit  that  is  never  opened.  The  connexion  with  the 
mains  is  introduced  as  in  Fig.  542,  so  that  on  switching  off  the 
field-magnet,  discharge  can  find  a  closed  path  through  the 
armature.  In  other  cases,  in  order  that  rises  of  potential  may 
not  injure  the  insulation  when  the  shunt  is  opened,  a  special 
form  of  main  switch  is  sometimes  used  which,  before  breaking 
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Fig.  542.— Shunt  Motor  Connexions. 


from  the  supply,  puts  a  non-inductive  resistance  across  the 
shunt  of  the  motor.  This  is  known  as  a  "  flashing  "  resistance, 
and  is,  in  practice,  of  about  the  same  number  of  ohms  as  the 
shunt  which  it  protects. 

Motor  Regulators, — Up  to  now  we  have  been  describing 
starters  pure  and  simple,  which  only  allow  for  the  motor 
being  started  up,  and  then  to  run  at  a  constant  speed.  As 
we  have  seen,  there  are  two  ways  of  obtaining  a  variation  of 
speed  in  shunt  motors,  viz.,  by  altering  the  value  of  the 
exciting  current,  or  by  putting  resistance  in  series  with  the 
armature. 

If  the  first  method  is  used,  the  ordinary  starter  may  be 
used  in  conjunction  with  a  separate  regulating  rheostat  for 
field    excitation.      When   the   second    method   is   used,   the 
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design  of  the  starter  is  modified  so  that  it  will  serve 
the  double  purpose  of  starting  and  regulating  the  motor. 
The  design  of  the  resistances  has,  however,  to  be  modified  (i) 
so  that  the  whole  current  can  be  carried  for  long  periods ; 

(2),  the  no-voltage  cut-out  has  to 
be  modified  because  it  must  now 
hold  the  switch-arm  on  and  release 
it  at  any  contact  The  modified 
arrangement  generally  used  is  in> 
dicated  in  Fig.  543.  When  the 
electromagnet  G  is  excited,  the 
armature   is    attracted    and    H    is 

FIG.  543.-M0T0R  R>x;uLATOR    '^^'d   i^   ^*^^    "^t^»»^s    »"    W,    and 
Automatic  Release.  thus   the    switch-arm    is    held     in 

any  position.  When  current  in  G 
fails,  H  drops  and  the  switch-arm  is  free  to  fly  back  to  the 
"off"  position.  An  over-load  cut-out  may  actuate  this  no- 
voltage  device,  just  as  with  tlie  other  form. 

Arrangements  for  Reversing  the  Direction  of  Rotation  in 
Motors. — To  reverse  the  direction  of  rotation  of  a  continuous- 
current  motor,  either  the  armature  or  the  field  must  be 
reversed,  but  not  both. 

The  reversing  of  the  armature  is,  of  course,  the  only 
practical  way,  as  the  field  should  never  be  broken  when  the 
supply  is  on. 

If  the  pattern  of  starter  already  described  were  used,  it 
would  be  necessary  to  have  two  rheostats,  one  for  starting  in 
one  direction,  the  other  for  starting  in  the  reverse  direction. 
To  enable  one  set  of  resistances  to  suffice,  a  special  form  of 
reversing  r^ulator  has  been  devised  which  is  shown  diagram- 
matically  in  Fig.  544. 

There  are  two  sets  of  contacts,  above  and  below  the 
centre-line  ;  and  there  is  also  an  inside  contact  in  the  form  of 
a  split  ring,  the  two  halves  corresponding  to  the  two  sets  of 
contacts.  There  are  two  contact-pieces  used,  one  for  the  top 
half  of  the  regulator  and  the  other  for  the  bottom  half. 
These  contact-pieces  thus  make  contact  between  A  or  B  and 
the  contact  studs  on  the  top  or  bottom  half  of  the  regulator, 
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and  are  both  attached  to  the  same  switch-arm  but  insulated 
from  it.  The  central  pieces  are  connected  to  the  armature, 
and  the  top  contacts  are  connected  to  the  bottom  contacts  as 
shown. 

The  action  for  reversing  is  as  follows : —  When  the  switch- 
arm  is  moved  from  the  "  off"  position  so  that  contact  pieces 
make  contact  in  X  and  Z  quadrants,  the  current  will  flow  thus 
C  D  X  A  B  Z  Y  and  out ;  and  when  the  contacts  in  the  Y  and 
W  quadrants  are  being  used,  current  will  then  flow  thus 
-C  D  X  W  B  A  Y  and  away.     Thus  it  is  seen  that  each  time 


Fig.  S44-— Motor  Reversing  Reguuitor. 

the  current  flowed  in  the  same  direction  through  the 
field-magnet  coils  C  D,  but  it  was  reversed  through  the 
armature  A  B. 

The  diagram  shows  the  case  of  a  series  motor,  but  the 
same  regulator  will  do  for  a  shunt  motor,  the  magnet-coils 
being  connected  directly  across  the  mains,  as  in  Fig.  546. 


Braking. 

In  some  cases  of  motor  installation  it  is  required  to  stop 
the  machinery  quickly,  and  this  may  be  done,  (i)  by  causing 
the  motor  to  act  as  a  generator  and  convert  the  energy  stored 
].  3  L 
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in  the  moving  parts  into  electrical  energy  which  is  either 
returned  to  the  line  or  absorbed  in  resistance ;  or  (2)  bj- 
means  of  an  electro-magnetic  device  which  automaticalh' 
puts  a  brake  on  a  pulley  fixed  on  the  shaft  of  the  motor  when 
current  is  cut  ofi"  from  motor. 

Electrical  Braking. — (i)  The  case  oi  series  motors.  To 
cause  a  series  motor  to  act  as  a  generator  it  must  be  discon- 
nected from  the  line  entirely  and  the  field-magnet  connexions 


must  be  reversed  with  respect  to  the  armature.  The  reason 
for  reversing  the  field-magnet  connexions  is  that  with  the 
residual  magnetism,  the  armature  will  start  to  generate 
current  in  an  opposite  direction  from  that  in  which  it  was 
being  supplied  when  last  connected  to  mains,  and  if  the 
connexions  are  not  now  reversed,  this  current,  instead  of 
building  up  the  magnetism,  will  demagnetize  the  machine. 

The  controller  shown  in  Fig.  544  above,  is  in  Fig.  545 
adapted  for  braking  purposes  in  a  series  motor  by  the  addi- 
tion of  four  extra  contacts  G,  H,  J  and  K,  as  shown  on  either 
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side  of  the  off  positions  ofthetopand  bottom  sets  of  contacts. 
These  contacts  are  cross-connected  as  shown  and  one  pair  is 
connected  to  the  resistances  on  the  opposite  side  of  the  off 
position  as  J  L,  while  the  other  set  is  connected  to  the  line 
end  of  the  field  as  shown. 

Assume  the  motor  is  running  with  contact  pieces  in  W 
and  Y  quadrants,  the  current  will  flow  thus,  C  D  E  X  W  B  A 
Y  F  and  out.  Now,  bringing  the  arm  back  to  the  position  for 
braking,  i.e.  to  contacts  G  and  J,  the  current  will  then  flow, 


Fig:  546. 


taking  it  through  field-magnet  coils  in  the  same  direction  as 
before  CDELJABG  and  back  to  C  The  direction 
through  armature  is  thus  reversed  although  it  is  the  same 
through  C  D. 

(2)  The  Case  of  Shunt  Motors, — In  shunt  motors,  the 
current  in  field  coils  is  independent  of  the  current  in  armature, 
so  to  brake  with  a  shunt  motor,  the  armature  alone  is  discon- 
nected from  the  line  and  short-circuited  through  a  resistance. 

In  some  cases  with  shunt  motors,  energy  can  be  returned 
to  the  line.     For  a  given  current  in  the  magnet  coils,  a  shunt 

3  L  2 
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motor  will  run  at  a  given  constant  speed.  If  the  speed  of  the 
motor  is  caused  to  exceed  this  natural  limit,  a  higher  back 
E.M.F.  will  be  generated  than  the  applied  E.M.F.  of  line,  and 
current  will  be  returned  to  line.  This  last  method  of  braking 
is  used  on  tramway  systems  where  long  gradients  occur  and, 
of  course,  has  the  double  advantage  of  returning  energy  to 
the  line  and  keeping  the  speed  of  car  down  to  the  ordinary' 
schedule  speed. 

In  Fig.  546  is  shown  the  same  type  of  regulator  already 
dealt  with,  adapted  for  braking  with  shunt  motors.  In  this 
case,  the  same  contacts  M  and  N  as  before  used  as  dummies 


Fig.  547. — Electkomagnetic  Fig.  548.— Electro-magnetic 

Brake  for  Motor.  Band  Brake. 

in  off  position  are  used  for  braking.  One  of  them  is  con 
nected  to  the  one  side  of  supply  and  the  other  is  connected 
to  a  point  in  the  resistances  on  the  same  side  as  shown. 
A  main  switch  closes  the  shunt  circuit,  which  is  not  broken 
again  until  the  motor  is  at  rest.  The  motor  can,  therefore, 
when  switch  is  in  off  position  generate  current  which  passes 
through  the  resistances. 

(The  special  arrangement  of  the  contact  studs  in  this 
diagram  serves  a  special  purpose,  which  is  hereafter  described, 
p.  91 1,  and  has  nothing  to  do  with  braking  operations.) 

Mecfianical  Brakes^  actuated  by  electromagnetic  devices. 

A  simple  arrangement  for  an  electromagnetic  brake  is 
shown  in  the  accompanying  Fig.  547. 

When  the  motor  is  disconnected  from  the  mains  the  spring 
holds  the  brake  blocks  B  B  fast  down  on  the  pulley,  but  when 
motor  is  switched  on,  current  flows  through  the  solenoid  and 
the  iron  cores  are  pulled  in  so  that  the  brake  is  released.     By 
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taking  leads  from  the  ends  of  the  coil  to  push-buttons  at 
different  parts  of  the  machine,  the  coil  may  be  short-circuited 
and  the  machinery  stopped. 

The  next  cut,  Fig.  548,  shows  a  brake  for  a  larger  machine. 
It  was  used,  in  fact,  on  a  large  Hoe  printing  machine  at  the 
Glasgow  Exhibition.  The  principle  is  the  same  as  before,  but 
the  various  modifications  tend  to  make  the  brake  much  more 
powerful. 

Controllers. 

A  controller  is  a  species  of  switch  in  which  a  number  of 
operations  of  changing  connexions  are  performed  in  the 
simplest  way  by  the  rotation  of  a  cylinder  which  bears  upon 
its  periphery  a  number  of  insulated  contact-pieces  arranged  to 
make  contact  between  different  arms  or  wipers  that  are  the 
terminals  of  various  parts  of  the  circuit.  Very  simple 
controllers  for  performing  such  operations  as  reversing  a 
current  or  joining  a  group  of  battery  cells  in  series  or  parallel 
have  been  known  for  many  years,  having  apparently  been 
invented  by  Reusch  in  1854.  In  recent  years  the  con- 
troller has  been  much  developed  in  its  application  to  the 
use  of  motors,  particularly  tramway  motors.  Many  of  the 
modern  forms  are  highly  complicated.  It  will  be  expedient 
therefore  to  explain  the  simple  operations  which  controllers 
effect,  rather  than  to  attempt  to  describe  any  of  the  detailed 
forms  now  in  the  market.  Any  one  who  follows  out  these 
simple  forms  can  readily  identify  the  purposes  of  the  various 
parts  of  a  complicated  controller.  Controllers  can  be  arranged 
to  perform  the  following  operations  : — 

1.  Switching  on  and  off. 

2.  Introducing  a  resistance,  and  cutting  it  out  in  successive 
steps. 

3.  Putting  two  machines  (two  coils,  two  armatures  or  two 
batteries)  first  in  series  and  then  subsequently  in  parallel. 

4.  Reversing. 

5.  Electrically  braking. 

6.  Shunting  an  exciting  coil  to  weaken  a  field-magnet 
We  will  take  these  operations  in  order. 
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Operation  i.  Switching  on  tite  Current. — ^The  method  of 
switching  on  the  current  is  indicated  in  Fig.  549.  In  this 
figure  the  shaded  areas  A  and  B  represent  contact-tongues  or 
wipers,  and  the  white  area  to  the  right  represents  a  contact 
piece  on  the  controller  drum.  It  is  here  shown  as  a  flat  area, 
but  must  be  imagined  as  curved  around  the  surface  of  the 
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Fig.  549. — Controller.    Operation  of  Switching  ox. 

drum.  The  wiper  A  is  directly  connected  to  the  line,  and 
wiper  B  goes  to  the  motor  through  the  starting  resistance. 
When  the  drum  is  turned  so  that  both  wipers  touch  the 
contact-piece  an  electrical  connexion  is  made  between  A 
and  B. 

Operation   2.      Inserting  and  Cutting   out   Resistance. — 
The  next  set  of  contacts  in  a  controller  are  those  for  cut- 
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Fig.  550.— Controller  Contacts  for  Cutting  out  Resistance. 

ting  out  the  resistance.  Fig.  550  is  again  drawn  flat,  while 
Fig.  551  depicts  the  controller  drum,  with  the  contact-piece 
upon  its  surface.  The  vertical  dotted  lines  in  Fig.  550 
indicate  the  successive  positions  of  the  contact-piece  with 
respect  to  the  row  of  contact  tongues  or  wipers.  In  position  i 
the  wiper  B   only  makes  contact,  and  in  this  position  the 
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current  must  necessarily  pass  through  all  the  four  resistances. 
Fig.  551  shows  the  state  of  things  when  the  controller  drum 
has  been  turned  to  position  2,  when  wipers  B   and  C  both 


Fig.  551. — Diagram  of  Controller  Drum. 

touch  against  the  contact-piece.  In  this  case  Ri  is  cut  out 
and  the  current  has  to  traverse  Rj  R3  and  R4  only.  When 
the  controller  is  turned  to  position  3,  R2  is  cut  out,  leaving 
R3  and  R4  in  the  circuit.  In  position  5  all  resistances  are  cut 
out.  On  turning  the  drum  back  the  resistances  are  succes- 
sively switched  in.  In  Fig  550  the  wiper  B  is  actually  the 
•same  B  as  in  Fig.  549.  The  contact-piece,  with  its  character- 
istic *'  steps,"  is  here  drawn  as  though  it  were  cut  out  of  a 
thick  sheet  of  metal,  and  merely  fixed  on  the  surface  of  a  drum 
of  wood  or  other  non-conductor.  In  fact,  primitive  controllers 
were  so  constructed.  But  in  a  modern  controller  it  would  be 
built  up  of  a  number  of  separate  metallic  segmental  pieces, 
mounted  on  insulating  supports  upon  a  central  vertical  shaft 
These  segmental  pieces  have  different  lengths  of  arc,  and  are 
connected  metallically  together  where  a  set  are  required  to 
cvX  out  resistances  as  described.  The  reader  should  compare 
I^^ig.  553  and  Fig.  559. 

Operation  3.  Putting  in  Series  and  Clianging  to  Parallel. — 
Fig.  552  shows  the  parts  of  the  controller  for  this  operation. 
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After  passing  through  whatever  resistance  may  be  in  to  F, 
the  current  goes  to  G,  these  two  tongues  being  connected 
electrically  together.  When  the  drum  is  moved  into  its  first 
position,  a  contact-piece  connects  H  and  I  together,  so  that 
current  flows  from  G  through  the  first  motor  lo  I,  to  H,  and 
then  through  the  second  motor  to  J,  i.e.  to  "  earth "  ;  on 
moving  the  drum  to  its  second  notch,  these  same  connexions 
are  kept  on,  and  are  in  fact  used  all  the  while  resistance  is 
being  cut  out.  The  motors  are  then  put  in  parallel  by  the  use 
of  the  set  of  contact-pieces  shown  on  the  right  of  the  diagram. 
These  contacts  connect  G  and  H  and  also  I  and  J  together, 
so  that  when  the  current  comes  from  F  it  divides,  part  going 
through  the  first  motor  to  earth  via  I  and  J,  and  part  going 
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Fig.  552— Contacts  for  Changing  prom  Series  to  Parallel. 

through  the  second  motor  to  earth  via  G  and  H.  When  the; 
motors  are  changed  to  parallel  from  series,  resistance  is  again 
inserted  in  series  with  them.  This  is  done  by  repeating  the 
process  of  Fig.  550  in  the  positions  of  controller  used  for  series 
working.  This  point  is  further  elucidated  by  Fig.  553,  which 
represents  a  complete  controller  in  which  the  various  processes 
here  described  are  combined. 

Operation  ^a,  Series-Parallel  Arrangements  with  c^  Shunted 
Field-Coil,  for  last  series  and  parallel  positions,  Fig.  554. — 
This  process  is  effected  by  the  use  of  two  additional 
contact  tongues  K  and  L,  which,  at  the  last  series  and  parallel 
positions,  are  electrically  connected  with  I  and  J  by  means  of 
the  extra  contact-pieces  shown,  thus  putting  the  field  coils 
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(as  R^,)  and  shunting  resistances  (as  R,)  in  parallel  with  one 
another.  This  shows  the  principle  of  the  method,  but  as 
explained  later,  the  arrangements  of  contact-pieces  for  series- 
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parallel  and  coil  shunting  operations  are  somewhat  modified 
in  the  actual  controller. 

Operation  4.  Reversing. — As  already  explained,  to  reverse 
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the  direction  of  rotation  of  a  continuous-current  motor,  the 
armature  connexions  are  reversed  with  respect  to  the  field- 
coil  connexions.  To  do  this,  a  small  auxiliary  contact- drum 
is  generally  arranged,  separately  from  the  main  controller 
drum  ;  and  in  whichever  position  it  is  turned,  it  is  automatic- 
ally locked  by  the  main  drum  if  the  latter  is  not  in  the  **  off" 
position. 

There  are  two  distinct  types  of  reversing  controller  drums 
in  general  use. 

The^rj/  is  shown  in  Fig.  555,  where  we  have  one  set  of 
four  contact  tongues  connected  up  as  shown  to  the  armature 
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Fig.  554. — Diagram  of  Operation  3^. 

and  field-magnet  coils,  the  connexions  being  brought  from  the 
wipers  G  and  H  in  Fig.  553.  On  the  barrel  of  the  controller 
there  are  two  sets  of  contact-pieces  marked  abed  and  efgh. 
The  drum  is  shown  in  the  "  off'*  position.  When  it  is  moved  to 
the  left,  the  right-hand  set  of  contact-pieces  a ^^rf  engage  th.e 
v/ipers,  and  when  moved  to  the  right,  the  left-handset,  efgh, 
make  contact  instead.  In  first  case,  current  passes  in  at  M 
and  then  through  ac  O^  b  dY  and  out  through  the  field 
coil  ;  or,  in  second  case,  through  f^OghY  and  out  again, 
passing  through  the  field  coil  in  the  same  direction  as  before, 
although  it  has  passed  in  a  different  direction  through  the 
armature. 
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The  second  arrangement  is  shown  in  Fig.  556  and  has  the 
advantage  that  it  does  away  with  complicated  connexions 
on  the  drum  itself,  although  it  necessitates  the  use  of  a  double 
set  of  contact  tongues.  The  whole  developed  surface  of  the 
drum  is  shown  by  dotted  lines  and  it  is  supposed  to  be  divided 
into  sections,  on  one  of  which  the  contact-pieces  are  fixed. 
As  shown,  the  left-hand  wipers  will  be  in  contact  with  the 
contact-pieces,  i.e.  will  be  in  position  I,  and  the  right-hand 
wipers  will  be  in  position  3.     When  the  drum  is  moved  one 
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I'i<'-  555.— Diagram  of  Reversing  Drum. 


notch  to  the  right,  neither  set  of  wipers  is  in  action,  this 
being  the  "off**  position.  When  the  drum  is  moved  one 
place  further  round,  the  right-hand  wipers  are  then  in  action. 
In  position  i  the  current  flows  in  at  MS  and  then  to  N^ 
through  armature  to  O^  and  P^  and  out  through  the  field- 
magnets.  In  position  3,  it  will  be  found  that  the  current  goes 
through  the  armature  in  an  opposite  direction  to  what  it  did 
in  I,  but  finally  traverses  the  magnet  coils  in  the  same 
<lirection. 
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Combination  of  Series- Parallel  and  Reversing  Contents. — 
When  a  controller  is  required  for  one  motor  or  two  motors  to 
be  worked  in  series  only,  to  make  it  more  compact  the 
reversing  contacts  are  generally  placed  on  the  main  drum,  and 
then,  instead  of  one  half  being  used  for  series  connexions  and 
the  other  half  for  parallel  connexions,  the  two  halves  are 
used  for  backwards  and  forwards  rotation  of  the  motors,  the 
central  position  being  the  "  off  *'  position. 

In  the  more  usual  case  when  parallel  connexions  are  also 
required,  the  construction  is  much  more  complex  than  the 
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Fig.  556. — Reversing  Drum  (Second  Arrangement). 

case  cited  above,  because  here  we  have  two  sets  of  connexions 
which  are  to  be  put  in  parallel,  viz.  the  field-coils  and  the 
armatures ;  but  only  one  set  viz.  the  armatures,  has  to  be 
reversed.  This  double  operation  cannot  be  performed  with 
single  sets  only  of  reversing  and  series-parallel  contacts.  We 
must  either  have  two  of  the  former  and  one  of  the  latter,  or 
vice  versa.  If  we  have  the  former,  we  treat  the  armature  and 
field  of  one  motor  as  one,  and  parallel  it  as  one  thing  with 
the  armature  and  field  of  the  other  motor  (Fig.  557).  Then,. 
by  means  of  two  sets  of  reversing  contacts,  we  can  reverse  the 
two  separate  armatures. 
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In  the  alternative  method  (F'ig.  558)  we  treat  the  two 
field-coils  as  one  part  and  the  two  armatures  as  another  part 
Then  the  armatures  can  be  reversed  as  one  on  one  set  of 
reversing  contacts,  but  the  fields  and  armatures  have  to  be 
paralleled  separately  on  two  sets  of  series-parallel  contacts. 
As  the  series-parallel  contac;ts  have  to  come  on  the  main 
drum,  the  first  method  is  usually  adopted  and  the  reversing 
pillar  is  provided  with  two  sets  of  contacts. 

Combined  Operations  in  the  Controller, — Now  that  we  have 
seen  how  the  various  fundamental  operations  are  performed, 
we  can  see  how  these  various  processes  and  arrangements 
already  described  are  combined  and  modified  in  building  up 
a  controller. 

Afterwards  we  can  see  what  additions  are  necessary  for 
electrical  braking. 
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Fig.  557.  Fig.  558. 

The  general  arrangement  of  the  inside  of  a  controller  is 
shown  in  Fig.  559,  which  shows  a  Westinghouse  controller ; 
and  it  will  be  seen  that  where  in  the  previous  simple  diagrams 
one  large  contact-piece  was  used  for  a  number  of  wipers  as  in 
Fig.  551,  in  the  actual  controller,  for  mechanical  reasons,  the 
contact-pieces  consist  of  a  number  of  copper  plates  (corre- 
sponding to  the  copper  wipers)  which  are  electrically  con- 
nected together  by  being  screwed  on  to  projections  from  the 
same  cast-Iron  central  drum.  Where  we  have  two  contact- 
pieces  which  must  not  be  electrically  together  (which  are  not 
shown  on  the  simple  figures  made  in  one  piece),  an  insulating 
collar  divides  the  several  cast-iron  pieces  which  go  tp  make 
up  the  controller  drum.  These  collars  are  represented  by 
dotted  lines  in  the  complete  controller  drawing  ;  and  to  make 
the  connexions  more  clear,  those  contact-pieces  which  are 
built  up  together  are  connected  by  vertical  lines. 
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As  a  result  of  this  feature  of  construction,  we  require,  as  in 
Fig.  SS3.  two  extra  v/ipers  I'  and  J',  because  from  Fig.  552 
we  see  that  if  a,  b,  and  c  were  built  up  as  represented  here,  they 
will  all  be  electrically  connected  together  ;  for  a  is  on  a  level 
with  the  lower  part  of  b  and  the  upper  part  of  c.  By  having 
the  extra  tongue  1',  the  necessary  connexion  between  I  and  J  is 
made  in  the  parallel  positions  without  making  a  short-circuit 


Fig.  559.— Cohtrolleb  (Weslinghouse  Pattern). 

1  between  G  and  J  ;  which  would  happen  if  G  and  J 
were  electrically  connected.  For  a  similar  reason  we  require 
j'  for  shunting  the  field-coils  of  the  second  motor. 

The  following  points  will  also  be  noticed  in  the  complete 
controller  drawing,  Fig.  553. 

1.  The  resistance  Ri  is  only  used  once,  i.e.  when  first 
starting  up ;  for  when  the  first  parallel  notch  is  reached,  the 
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total  resistance  in  circuit  consists  only  of  R2,  R3,  and  R^. 
The  reason  for  this  is  that  the  total  resistance  at  starting  is 
governed  by  the  value  of  the  allowable  starting  current, 
which  has  to  be  kept  fairly  low  because  in  tram-car  driving 
the  initial  acceleration  is  small,  owing  to  great  statical 
frictional  resistance. 

When  position  6  is  reached  the  car  will  be  running 
at  a  good  speed,  and  if,  when  switching  the  motors  into 
parallel,  all  the  resistance  as  in  the  first  position  were  used, 
the  current  should  be  so  reduced  that  it  would  probably  tend 
to  retard  the  car  rather  than  accelerate  it  further.  Moreover, 
as  the  motors  are  now  running,  they  can  generate  a  consider- 
able back  electromotive-force :  and  it  must  also  be  borne  in 
mind  that  only  half  the  current  from  the  line  now  goes  through 
each  motor,  so  that  on  the  first  parallel  position  the  current 
should  be  greater  than  the  starting  current. 

2.  For  the  sake  of  simplicity"  of  construction,  those 
contact-pieces  which  are  brought  into  use  more  than  once, 
are,  wherever  possible,  made  in  one  piece,  e.g.  a  contact-piece 
for  c  is  only  required  in  series  position  2,  parallel  position  i 
and  braking  position  i,  but  one  contact-piece  is  stretched 
right  across  for  these  3  positions.  Note  that  contact-pieces 
for  D  cannot  be  made  in  one  as  Ra  would  be  cut  out  in 
parallel  position  i,  if  this  were  so. 

Operation  5.  Electrical  Braking,  —  This  is  obtained  by 
moving  the  handle  from  the  "off"  position  in  an  opposite 
direction  to  that  which  supplies  power  to  the  car.  At  the 
last  parallel  position  is  a  stop  which  prevents  any  further 
rotation  of  the  drum  in  that  direction.  Therefore,  when  the 
motor-man  wishes  to  use  the  electrical  brake,  he  first  brings 
the  handle  to  the  "off"  position,  thus  cutting  the  current 
down  considerably  before  the  motors  are  disconnected  from 
the  line. 

There  are  five  necessary  operations  for  electric  braking 

viz.  : — 

1.  The  motors   must  be  entirely  disconnected  from  the 

trolley-line,  and 

2.  Their  field  connexions  must  be  reversed. 


I 
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3.  The  motors  are  connected  in  parallel,  and 

4.  An  equalizing  connexion  is  made  across  their  field-coils, 
as  in  Fig.  558  (see  also  p.  928),  and  then  : —  1 

5.  The  motors  are  short-circuited  through  varying  amounts 
of  resistance  to  obtain  different  degrees  of  braking. 

By  reference  to  the  diagram  it  will  be  seen  that  these  five 
operations  are  performed  as  follows  : — 

1.  By   not   having  a    contact-piece    for    the   first  wiper 
{A)  in  the  braking  positions,  the  current  supply  is  cut  off. 

2.  The  reversing  of  the  field  connexions  may  be  done  by 
some  extra  contacts  fixed  on  the  bottom  of  the  main  drum  *. 
with  connexions  similar  to  those  for  reversing  drums  already 
described.  But  this  method  is  not  generally  used  as  it  makes 
the  controller  drum  unnecessarily  long.  More  generally  a 
separate  reversing  drum  is  used,  which  is  turned  round,  for  the 
braking  positions  only,  by  gearing  on  the  main  drum.  Also 
sometimes  the  same  reversing  drum  is  used  for  both  reversing 
and  braking,  it  being  reversed  independently  for  the  braking 
position  only,  in  a  similar  way  to  that  described  for  the 
separate  reversing  drum.  The  advantage  of  this  separate 
reversing  cylinder  for  braking  is  that  a  smaller  number  on  the 
main  drum  are  necessary,  as  seen  below.  In  a  controller  made 
by  the  Brush  Co.,  the  extra  reversing  drum  for  braking  is 
combined  in  the  main  reversing  drum,  which  has  therefore 
4-8  positions  on  it  When  the  motors  are  to  be  reversed,  the 
reversing  switch  turns  th^  drum  half-way  round,  but  when 
braking  is  required,  the  main  controller  drum  wound  only  a 
quarter. 

3.  The  motors  are  connected  in  parallel  in  just  the  same 
way  as  for  parallel  running  ;  and 

4.  Equalizing  connexions  can  be  made  by  bringing  leads 
from  the  field-coil  terminals,  which  are  not  connected  to 
wipers  I  and  J,  to  two  extra  wipers  R  and  S,  which  are  con- 
nected together  in  the  braking  position.  This  method  is  only 
used  when  the  usual  reversing  contacts  are  also  used  in  brak- 
ing. When  a  separate  reversing  drum  is  used,  the  equalizing 
connexions  are  made  on  this  drum  by  joining  together  the 
contacts  which  correspond  to  P  in  Figs.  553  or  555. 
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5.  By  the  use  of  another  wiper  Q,  in  the  same  set  as  P 
and  J,  which  is  electrically  connected  to  C,  the  motors  in  the 
breaking  positions  are  short-circuited  on  themselves  through 
decreasing  amount  by  resistance. 

Other  types  of  Controllers  for  other  Systems  of  Control — 
The  Spragtie  type  of  controller,  used  by  Mr.  Sprague  for  his 
particular  system  of  control  by  first  putting  the  field-magnet 
coils  in  series  and  then  in  parallel  is  shown  diagrammatically  in 
Fig.  560. 
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Fig.  560. — Sprague*s  Controller, 


In  1st  position,  it  will  be  seen  on  tracing  out  the  con- 
nexions that  Ri  R2  R3  and  R4  are  all  in  series. 

In  2nd  position,  R4  is  cut  out. 

In  3rd  position,  Ri  is  also  cut  out. 

In  4th  position,  Ri  is  put  in  in  parallel  with  R2. 

In  5th  position,  R3  is  cut  out. 

The  6th  position  is  the  same  as  the  5th ;  and  in  7th 
position,  Ri  Rj  and  R3  are  all  in  again  but  in  parallel  with 
one  another. 

In  building  up  a  controller  according  to  this  arrangement 
the  mechanical  construction  would  be  entirely  different  from 
I-  3  M 
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that  already  explained  for  the  series-parallel  controller.  The 
various  segments  shown  must  be  built  up  on  an  insulating 
cylinder  and  must  not  be  electrically  connected  with  one 
another  in  any  way. 

Controllers  for  Shunt  Motors. — The  main  drum  for  shunt 
motor  control  is  not  essentially  different  from  that  for  series 
motor   control.     Resistance   is   inserted    at   starting   and    is 
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YiG.  561. — Reverser  Drum  for  Shunt  Motor  (Laurenxe 

Scott  &  Co.). 


gradually  cut  out  as  before.  The  only  difference  being  that 
whereas  before  to  get  the  ver>'  highest  speeds  by  shunt  the 
field-coils,  in  this  case  resistance  is  placed  in  series  with  them 
in  a  similar  manner  to  that  in  which  resistance  would  be  cut 
out  from  them,  only  the  building  up  as  it  were  of  the  steps  is 
reversed. 

The  reverser  used  with  shunt  motors  is  somewhat  different 
from  that  already  described  for  use  with  series  motors.     It 
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serves  the  double  purpose  of  reversing  the  armature  and 
making  and  breaking  the  field  circuit  when  the  power  is  first 
switched  on  to  the  car  or  finally  switched  off. 

Fig.  561  shows  a  shunt  motor  reverser  of  the  double 
series  of  contacts  type.  There  are  four  positions  on  the  con- 
troller drum,  and  at  present  the  contact  tongues  are  supposed 
to  be  on  the  first  and  third  position,  so  that  current  flowing 
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Fig.  562. — Motor  with  Two-Speed  Controllkr  (Laurence 

Scott  &  Co.). 


from  the  line  to  the  armature,  goes  in  at  the  side  marked-|-. 
If  the  drum  is  now  moved  one  position  to  right  (a  stop 
prevents  it  from  being  moved  to  left)  positions  4  and  2 
are  being  used.  Now  everything  has  been  disconnected  from 
the  line  and  the  shunt  -  circuit  is  connected  across  a  non- 
inductive  resistance,  which  should  be  as  great  as  the  shunt 
itself. 

To  give  the  motor  rotation  in  the  reverse  sense  to  that  of  the 

3  M  2 
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first  position,  the  drum  is  moved  one  notch  further  to  the  right 
and  positions  3  and  I  engage  the  left-  and  nght-hand  set  of 
contacts  respectively,  and  thus  current  is  supplied  from  the 
trolley  to  the  side  of  the  armature  marked  —,  although  the 
shunt  which  is  now  disconnected  from  the  flashing  resistance^ 
is  again  receiving  current  on  its  +  side.  Another  stop  pre- 
vents the  further  rotation  of  drum  to  the  right. 

Fig.  562  depicts  a  simple  series-parallel  controller  as 
applied  to  a  4-pole  motor  by  Messrs.  Laurence  Scott  &  Co. 
for  the  purpose  of  running  at  two  speeds.  There  are  two  sets 
of  wipers,  four  of  which  A  B  C  D  are  at  one  side  of  the  con- 
troller drum,  and  the  other  three  A'  B'  D'  at  the  other.  In 
the  "off"  position  none  of  these  make  contact  When  the 
drum  is  turned  so  that  these  two  rows  of  wipers  make  contact 
along  the  positions  marked  i  and  T  respectively,  the  four 
magnet-coils  are  in  series,  and  the  motor  runs  at  half-speed. 
When  the  drum  is  turned  so  that  the  wipers  touch  along  the 
positions  2,  2',  the  magnet-coils  are  in  parallel,  and  as  this 
reduces  the  excitation  to  one-half,  the  armature  speed  will  be 
approximately  doubled. 


The  Design  of  Resistances  for  Rheostats. 

Resistances  for  use  in  regulating  rheostats  and  starters 
must  be  designed  with  regard  to  the  strength  and  probable 
duration  of  the  currents  to  be  carried.  Whether  made  of 
coiled  wires  or  of  metal  strips,  zigzagged  or  strained  over 
insulating  supports,  the  mechanical  disposition  requires  care 
that  they  may  not  when  expanded  by  heat  make  short-circuits. 
Resistances  coiled  on  porcelain  tubes,  or  embedded  in  enameU 
have  been  produced  in  many  patterns.  Fleming  has  devised 
special  rheostats  for  laboratory  use  for  absorbing  power  in 
wires  strained  over  resilient  supports.  For  factory  use,  or  on 
vehicles,  compact  resistances  made  of  grids  of  metallic  strip^ 
substantially  insulated,  and  enclosed  in  protecting  cases  of 
perforated  metal,  are  preferred  to  wire  coils  stretched  on 
frames. 
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Size  of  Wires  for  Rheostats, — In  working  out  the  size  or 
length  of  a  wire  which  is  to  be  used  in  a  rheostat  it  must  be 
considered  how  the  resistance  is  to  be  used.  If  so  arranged 
as  to  be  able  to  radiate  freely  into  surrounding  air  a  smaller 
section  is  permissible  than  is  the  case  if  the  wire  is  embedded 
in  asbestos  or  enamel.  Further,  if  it  is  for  a  "  regulator  " 
which  may  be  carrying  current  during  the  whole  time  that 
the  dynamo  or  motor  is  running,  the  wire  which  is  to  offer  a 
given  resistance  must  be  both  thicker  and  longer  than  if  it  is 
to  be  used  in  a  motor  "  starter  "  which  will  only  be  in  opera- 
tion for  a  short  time  and  then  only  at  intervals  of  time 
separated  from  one  another  by  possibly  many  minutes  or 
even  hours.  A  starter  will  be  cheaper  than  a  regulator  of 
equal  resistance.  To  facilitate  the  calculation  of  such  rheostats 
a  table  is  adjoined  giving  particulars  of  a  number  of  materials 
used  for  making  up  such  wire  resistances,  while  a  second  table 
gives  the  safe  currents  for  copper  wires  of  different  gauges. 
The  table  is  given  for  copper  (although  copper  is  not  used 
for  such  resistances),  because  the  carrying  capacity  of  the 
alloys  actually  used  is  readily  ascertained  simply  by  multiply- 
ing the  carrying  capacity  of  the  copper  by  the  coefficient 
given  in  the  last  column  of  Table  XIV.  It  is  here,  of  course, 
assumed  that  the  conditions  as  to  external  radiating  are  alike. 
The  Table  is  calculated  on  the  assumption  of  a  tempera- 
ture-rise of  35  deg.  Centig. :  but  to  adapt  it  to  any  other 
temperature-rise  it  may  be  noticed  that  the  permissible 
current  will  be  proportional  to  the  square-root  of  the  tempera- 
ture rise.  These  tables  may  be  used,  without  any  such 
alteration,  in  calculating  regulators.  But  for  motor  starters 
a  much  higher  temperature-rise  may  be  taken,  as  there  is 
plenty  of  time  for  the  wires  to  cool  down  again.  A  third 
table  gives  the  current  in  iron  wires  which  will  heat  them  up 
in  one  minute  to  about  120  deg.  Centig.  above  the  surround- 
ing air,  assuming  that  there  is  plenty  of  space  for  free  radiation. 
Unfortunately  similar  tables  cannot  be  directly  calculated  for 
all  other  materials. 
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TABLE  XIV. — RBsrsTANCR  Materials  for  Rheostats. 


Specific  Re»btance 
ato'C. 


Name  of  Maieml. 


Microhms  Microhms , 

per  ccDcim.    per  inch    i 

cube.  cube. 


Temperature 
Cocttideot  of 

Increase  of 
Resistance  per 

degree  C. 


Specific 
GraTity. 


I   I 

Coefficient  to       ^J?^^,^  I 

multiply  intc      TaW*  XV    t  ' 

Copper  Cooduc-    ^^Sin  UT 

tor  of  same      c^Z^^^  fiTtW 

dimensions  to    ^««^»t**«t^ 

find        ^ 


•  • 


CoDStantan 
German  silver 

Iron 

Knipptn 

Maoganese  copper 
Manganin . 
Neusilber  . 

Nickelin    . 


50 

20*9 

30 

10 

12 

85 

ioo'6 
46-7 

37 
33*2 


44 
29 

75 

325 

51 
Phosphor-bronze*        24*6 


Nickel- steel 


Platinoid  . 


Rheostan  . 


47*3 
100 


19*7      zero  or  negative 
8*2  0*00044 

0*00036 


II-8 

3'94 
4-72 

33*5    ' 

41*8 

I 

i8-4     i 

I 

15*6 

131 

17*2 

II-4 

29- 5 

12*8 
20'I 

97 
18 '6 

39'4 


0*00450 

0*00077 
0*00004 
0*00033 
0*00020 
0*00030 
o- 00033 

o*Qpo5o 

0*00021 
0*00039 
0*00023 


8*8 

8-5 

8-5 

7-8 

7*8i 

8*8 

8*7 

8*94 

8*5 

9*o 

9'o 

8*4 

8*5 

8*5 

8*7 

8-6 

8*6 

8*6 


Mat. 


308 
13 

i8-5 
6*2 

74 
52*6 
62 

25 

23 
20 

27 
18 

46*5 

20 

31 
15*2 

30 
62 


o'lS 

0*2801 
0-2321 
040  I 

0-37  I 
0-14 

0-13 

0*20 

0*21 

0*225 I 

0*190! 

o'235| 
o'isol 

0*225 1 

o-iSol 

0-255 

0*183] 

o-i3o| 


N.B. — The  composition  of  these  alloys  varies  much  as  to  its  proportion 
according  to  the  source  of  manufacture.  For  calculating  the  resistances  of  wires 
or  strips  of  these  materials,  the  simplest  procedure  is  to  calculate  them  as  if  of 
.  copper,  and  then  multiply  the  resistance  so  found  by  the  coefficient  given  in  the 
last  column  of  the  table.  As  their  specific  gravities  do  not  differ  greatly  from  that 
of  copper  (8*8),  they  will  all  (except  iron)  weigh  approximately  the  same  as  a  wire 
of  copper  of  same  gauge  and  length. 


*  Containing  10  per  cent.  tin. 
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Table  XV.— Current-Carryinc;  Capacity  of  Wires. 

The  following  table  gives  the  current  which  can  be  carried  by  copper  wires  of 
different  sizes.  When  woand  in  free  spirals,  the  ultimate  temperature  rise  will 
l>e  about  35  deg.  Centig.  above  surrounding  air. 


S.W.G. 

Safe  Current. 

P.  &  s.(;. 

Safe  Current. 

10 

'        55 

8 

55-2 

II 

47*3 

9 

46-5 

12 

40*3 

10 

38-9 

n 

33*4 

II 

326 

14 

28-2 

1 

12 

27-5 

15 

23-2 

13 

232 

16 

19-4 

14 

i9'3 

17 

15-9 

,          ^5 

163 

iS 

12-6 

16 

13*6 

19 

9-6 

'^ 

114 

20 

1          8-2 

18 

9*5 

22 

47 

20 

6-8 

1 

24 

'          24 

li         " 

4-8 

24 

3"? 

Table  XVI.— Iron  Wires  for  Starting  Rheostats. 

Currents  which  will  in  one  minute  give  a  temperature- rise  of  no  to  140 

deg.  Centig.,  if  radiating  freely. 


S.W.G. 


Current. 


12 

5' 

13 

38-5 

14 

30 

16 

20 

18 

115 

20 

6*7 

22 

4*5 

B.  &  S.O. 


Current. 


10 

48 

II 

38-5 

12 

31 

14 

20 

16 

13 

18 

8-5 

20 

5-7 

24 

2*2 
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Theory  of  Tables  of  Wire-Heating. 

Let  e  be  the  emissivity,  i.e.  the  number  of  calories  per  square 
inch  per  second  for  a  temperature-rise  of  i  deg.  Centig.  It  is  not 
actually  a  constant  (being  higher  for  black  surfaces  than  for  bright) 
but  may  be  taken  at  an  average  value  of  0*0025. 

Let  s  be  the  specific  heat  (i.e.  calories  per  gramme),  and  g  the 
specific  gravity  (i.e.  grammes  per  cub.  cm.).  Then  the  specific  heai 
per  unit  volume,  in  calories  per  cub.  cm.,  will  be  ^  x  J ;  or  in 
calories  per  cubic  inch  will  be^  X  s  x  16 '4. 

Then  putting  0  for  the  tempeiature-rise  in  deg.  Centig.,  /  for  time 
in  seconds  reckoned  from  the  starting  of  the  current,  p  for  the 
resistivity  of  the  material,  D  for  the  diameter  (in  inches),  and  J  for 
Joule's  equivalent  (42  x  10*  ergs  per  calorie),  we  may  write  : — 

—  =  rate  of  temperature-rise 

_  rate  of  net  heat-gain 


specific  heat  of  unit- volume  x  volume 
The  rate  of  net  heat-gain  will  be  the  difference  between  the  C-R 


TT 


gain  and  the  emissivity  loss.     The  former  is  C^Jp  -r —  D-  f)er  unit 

4 

length.     The  latter  is  eirDe  per  unit  length.     Hence  we  have 

//e         ^D^  "  ^^^      ^       'JLC'Jp...  _        4^e       . 

31=— X  ^'X  s  Xi6-4 


whence 


4  C^Tp  I  - '*-''  - 1 


When  e  has  attained  its  steady  value,  we  have  : — 

C2  = 


.2  _  TT^iy^ee 


4jp 

and  this  is  the  equation  used  in  calculating  the  Table  XV. 

But  if  we  give  d  and  /  values,  we  may  then  calculate  a  current  to 
fulfil  the  equation  for  any  prescribed  diameter  of  wire.  This  has 
been  done  in  calculating  the  Table  XVL 
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The  Spacing  of  Resistances  Between 

THE  Contacts. 

(/.)  In  Motor  Starters :  In  starting  up  a  motor  it  would 
be  best  if  the  current  could  be  kept  at  a  given  maximum 
value  all  the  while  the  motor  was  increasing  in  speed.  But 
this  would  require  an  infinite  number  of  contacts.  There- 
fore with  a  limited  number  of  contacts,  the  current  rises  to  a 
certain  maximum  when  a  contact  is  reached  and  falls  to 
another  specified  value  before  the  switch-arm  is  moved  round 

to  the  next  contact. 

* 

Let  Ci  =  maximum  current  allowed  to  flow  when  the 
switch-arm  is  moved  on  to  any  new  contact ;  and  C2  = 
minimum  value  of  current  to  be  reached  before  switch  is  put 
on  to  next  contact. 

Let  R„  =  total  resistance  in  circuit  with  the  »'*  contact ;  and 
R,+  ,  =  „  „  „  («+  I ),A  contact ; 

then  if  E  be  the  back  electromotive-force  of  the  motor  at  the 
moment  of  switching  from  the  one  contact  to  the  other,  and  V 
be  the  voltage  of  supply, 
then 

(V  -  E)  H-  R„  =  C,. 
and 

whence 

If  C2/C1  is  to  be  constant,  it  follows  as  a  condition  that 

Ri  _  R2  __  R« 

H   +   I 


R2     R3  R 


In  other  words,  the  steps  of  the  resistance,  Rj,  R2,  R3,  etc. 
form  a  geometrical  series  whose  constant  ratio  is  equal  to 
C1/C2.  and  whose  first  and  last  terms  are  respectively  V/Ci 
.ind  Ka  (the  resistance  of  the  armature). 
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Example  Take  the  case  of  a  500  V,  30  H.P.  motor  whidi  is 
allowed  to  start  with  current  between  40  per  cent  over-load  and  fiifl- 
load  value  with  an  annature  resistance  of  c  4  ohm. 

Then  the  maximum  and  minimum  starting  currents  will  be  63  ant: 
45  amperes. 

. • .     R,  will  be  ^,  —  =  7  '9  ohms  ; 

and  multiplying  this  by  ^,  we  get  5*7  for  second  resistance,  ami 

03 
so  on. 

'I'he  resistances  work  out  to 

7*9i  5*7,  41,  295,  21,  15,  II,  o  7S,  0-56  a-id  0-4, 
>vhich  means  that  resistances  in  the  starter  will  be 

7"5»  5'3>  3"7,  2-55,  17,  II,  0-70,  038,  oi6and  Full  Os. 

The  following  is  a  slide -rule  method  for  finding  these  TesistanGes* 
in  which  the  number  of  contacts  necessary  must  be  known  before- 
hand. 

To  determine  the  necessar}'  number  of  contacts  to  ful61  the  above 

stipulations. 

From  above  we  have 


R.  =rc,y-' 
R«     \c,' 


or 


R. 

«  —  I  = 


or 


'og(r-^) 


Thus  in  the  example  already  given 

//  —  I  =  7— =  8*7,  i.e.  9. 

loff  — ^ 

"  45 
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Now  we  know  R^  and  R^  a-re  7 '  9  and  o  •  4.  We  wish  to  place 
8  geometric  means  between  them. 

Set  out  a  distance  on  paper  corresponding  to  distance  between 
7  •  9  and  o  •  4  on  the  slide-rule  scale  and  divide  it  into  9  equal  parts. 
Then,  placing  the  divided  line  against  the  slide-rule  scale  between 
7  •  9  and  o  •  4,  the  geometric  means  are  read  off  opposite  the  division 
lines. 

From  equations  given  above,  it  will  be  seen  how  the  necessary 
number  of  contacts  depends  upon  the  various  stipulations. 

It  will  be  seen  that  the  number  of  contacts  is  greater,  the  smaller 

the  ratio  -  i,  the  larger  the  applied  E.M.F.,  the  smaller  the  resistance 

of  the  motor  itself  and  the  less  the  maximum  allowable  starting 
current. 

Another  point  to  be  noticed  with  these  conditions  of  motor 
starting  is  that  as  the  motor  gets  up  speed  the  current  does  not 
decrease  so  fast  as  it  did  on  the  first  contact,  so  that  the  switch 
must  be  held  on  the  later  contacts  for  a  longer  time  than  on  the  first 
ones. 

^Jg«  563  shows  a  graphical  construction  for  finding  the 
resistances  to  be  placed  between  the  contacts  to  fulfil  the 
conditions.  Current  is  plotted  vertically  and  resistance 
horizontally  ;  O  Ri  =  total  resistance  in  at  starting  and  O  Ci 
and  O  Cj  =  maximum  and  minimum  allowable  starting 
currents. 

Join  Ri  Ci  and  C^a  (  =  A)  will  give  resistance  to  be 
placed  between  first  and  second  notch.  Draw  vertical  line 
through  a,  and  where  line  of  Ci  is  cut,  join  to  Rj  again  and  a  b 
will  give  resistance  to  be  placed  between  second  and  third 
notch  and  Yb  will  be  resistance  which  is  still  in  on  third 
notch. 

Continue  this  until  Q  is  reached  where  Q  P  =  resistance 
of  the  armature. 

(;V.)  On  Dynamo  Shunt  Circuits  to  give  Co7istant  Voltage. — 
An  equal  spacing  of  resistances  between  the  contacts  on 
dynamo  regulating  rheostats  does  not  always  give  the  best 
results.  The  proper  spacing  depends  on  the  shape  of  the 
characteristic  curve  and  the  part  of  it  at  which  the  dynamo 
works.     A  graphical  method  for  calculating  the  total  resist- 
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ance  to  regulate  for  any  particular  voltage,  has  already  been 
given  on  p.  529,  and  what  follows  is  really  a  continuation  of 
this. 

The  problem  may  be  stated  thus.  In  a  constant  voltage 
dynamo,  the  voltage  is  allowed  to  vary  two  or  three  volts 
above  and  below  the  mean.  Also,  as  the  load  comes  on,  the 
voltage  tends  to  drop.  It  is  required  so  to  proportion  the 
regulating  resistance  that  whenever  the  voltage  drops  to 
the  minimum  value  by  moving  the  rheostat  arm  forward 
to  the  next  step,  the  voltage  will  rise  to  the  maximum  per- 
missible value  and  no  higher. 


-A— ^— B  -»t--C-^ 


C, 


Z 
hi 


3 
O 


O 


•  \ 

I  X 


X  N  \  s 


V  V         N 


RESISTANCE 


Fig.  563. 


Ri 


In  Fig.  564,  the  no-load  and  full-load  characteristics  of  a 
shunt  machine  have  been  plotted  and  the  lines  for  maximum 
and  minimum  voltage  have  been  drawn.  At  the  points  where 
the  maximum  volt  line  crosses,  the  two  characteristic 
tangents  are  drawn,  which  meet  at  the  point  D.  Two  cases 
now  present  themselves  :  (i)  that  of  a  shunt-wound  machine 
and  (2)  that  of  a  separately  excited  machine.  The  latter  i^ 
the  case  actually  illustrated. 

At  the  point  ^,  from  which  the  tangent  was  drawn, 
perpendicular  line  is  drawn  which  cuts  the  line  of  minimum 
voltage  in   b.     Then   through  ^,  is   drawn  O  b  c^  cutting  the 
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maximum  voltage  line  in  c.  From  c  perpendicular  line  cd'v^ 
di-aivn,  and  so  on. 

The  lines  Oa.  Oc,  Of.  etc.,  are  produced  to  cut  the  line  X 
Kd,  where  X  Ro  =  resistance  in  exciting  circuit  at  no-load. 

Then  also  the  lines  X  Ri,  X  Rj,  X  Rj,  etc,  will  represent 
the  resistance  in  the  exciting  circuit  at  different  conditions  of 
load,  and  R,,,  R,,  R,,  Rj.  etc.,  will  of  course  give  the  resistance 
between  the  different  steps  of  the  regulator. 

In  the  case  of  a  shunt  excited  machine,  the  lines  al),cd, 


Fro.  564. 


Fiu.  565. 


etc.,  are  not  drawn  vertical  but  are  drawn  30  that  when 
produced  they  will  pass  through  the  origin  of  the  excitation 
curves. 

(in)  On  Motor  Shunt  Circuits  to  give  different  Speeds. — 
The  regulating  resistances '  for  motors  to  run  at  different 
speeds  may  also  be  obtained  by  a  simple  graphical  construc- 
tion. In  Fig.  565,  the  no-load  characteristic  is  shown,  and 
the  line  marked  supply  voltage  gives   the  excitation,  when 


*  See  Gott,  Jeurn.  Itisl.  Elttlr.  EngitKcrt,  xxxi.  1119,  1902. 
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there  is  no  regulating  resistance  in  the  shunt.     The  speed  of 
motor  under  this  state  of  things  must  also  be  known. 

Let  normal  speed  be  //,  and  it  is  required  by  means  of 
steps  on  regulator  to  ran  at  speeds  //i,  //j,  //j,  etc.     Then  on 

the  voltage  scale  is  set  out        - ,         ,  etc.,  as  Vi,  Vj,  etc. 

Project  these  lines  across  to  characteristic  curve  and  so 
obtain  the  current  necessary  for  excitation  as  ^  ^  and  t*. 
Through  a  and  b  draw  perpendicular  lines,  cutting  the  full 
voltage  line  in  d  and  ^,  and  through  c  d  e  Ax^.\\  lines  from 
origin.  Then  when  any  perpendicular  line  is  drawn  in  which 
X  Ro  =  resistance  of  shunt  windings,  then  X  R^  and  X  Rj 
give  the  total  resistances  for  running  the  motor  at  speeds  //j 
and  ;/2.  Whence  R^,  Ri  and  Ri  R2  will  be  the  steps  in  the 
rheostat. 

(/f.)  On  Shunt  Motors  in  series  with  armature,  to  regulate 
speed  at  full-load, — To  calculate  the  resistance  required  to  be 
inserted  in  series  with  armature  for  regulation  of  speed  at 
full-load.     (Shunt  motor  will  shunt  direct  across  mains.) 

Let  ;/  =  no-load  R.P.M.  and  ;/i,  n^h^  speed  required  to 
regulate  to. 


Then 


-  V;/x 


V-  CR  = 

n 

V 


■^  =  c('  -  "i) 


Where 


V  =  full  applied  volts. 
C  =  full-load  current. 
n  =  no-load  R.P.M. 
and  ^1  =  required  full-load  R.P.M. 

A  Subdividing  device  is  sometimes  used  on  rheostats,  so 
that  resistance  is  cut  out  in  smaller  steps  with  the  same 
number  of  contacts. 

The  accompanying  Fig.  566  gives  an  idea  of  such  an 
arrangement.  Two  contact-pieces  are  provided,  one  of  which 
makes  contact  on  two  separate  rings  inside  the  ring  of  contacts. 
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Between  these  rings,  a  resistance  is  connected  which  is  half  the 
resistance  between  the  contact  buttons.  As  switch  arm  is 
now  placed,  current  flows  through  the  four  resistances  at  the 
top  and  out.  If  now  the  switch 
arm  is  moved  through  half  of  one 
contact-space  to  the  right,  current 
flows  through  the  first  three  resist- 
ances at  the  top,  and  then  through 
the  auxiliary  resistance,  so  that 
moving  switch  arm  half  a  contact 
is  equivalent  to  cutting  out  half  the 
resistance  between  two  contacts. 

The  reason  for  the  special  plac- 
ing of  contact  studs  in  Fig.  546  has        „        ,^     ^ 

^  &    -'T  Yiv,     566.— SUBDIVIDINC; 

not  yet  been  explamed.  Device. 

When  the  switch  arm  is  moved 
round  clockwise  from  M  and  N,  contact  is  made  on  a  and/ 
at  the  same  moment.  Now  the  contact/ is  longer  than  a,  it 
reaching  in  fact  to  a  point  corresponding  to  the  centre  of  b,  so 
that  when  switch  arm  is  moved  round  further  it  makes  contact 
on  b  before  it  leaves /and  then  on  g  before  it  leaves  b  and 
so  on,  thus  cutting  out  resistance  in  8  steps  where  before  it 
was  cut  out  in  4. 

Liquid  Resistances. — Liquid  resistances  consisting  of  iron 
plates  immersed  in  water,  or  in  salt  or  soda  solutions,  have  for 
many  years  been  used  as  regulating  rheostats  and  starters,  but 
more  often  to  provide  artificial  non-inductive  loads  when 
testing  dynamos  and  alternators.  They  are  simpler  in  con- 
struction than  ordinary  rheostats,  and  also  have  the  advantage 
that  they  do  not  heat  up  so  fast,  owing  to  the  high  specific 
heat  of  water.^ 

The  resistance  may  be  regulated  in  two  ways,  viz.  either 
by  moving  the  plates  nearer  together  or  farther  apart  from 
one  another,  or  by  immersing  a  smaller  or  larger  area  of  plate. 

'  In  connection  with  this,  it  has  been  suggested  that  the  wire  resistances  of 
ordinary  starting  rheostats  might  be  immersed  in  water,  so  that  the  heat  generated 
in  them  may  be  dissipated  more  easily,  thus  enabling  a  smaller  section  wire  to  be 
used,  and  therefore  also,  a  shorter  length  of  it. 
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Small  rheostats,  in  which  the  first  method  is  adopted,  may 
be  made  of  U -tubes,  with  the  electrodes  moving  up  and  down 
the  tybes.  In  motor  starters  the  method  usually  adopted  is 
to  have  a  wedge-shaped  blade  which  is  gradually  introduced 
into  the  water  and  which  finally  makes  contact  with  the  other 
electrode  for  full  *"  on  "  position.  Resistances  can  be  made 
up  for  different  purposes,  by  using  different  amounts  of 
solvent. 

The  chief  troubles  with  liquid  resistances  are  the  evapo- 
rating of  the  water  and  the  creeping  of  the  dissolved  salt  or 
of  the  liquid.  The  temperature  of  the  water  cannot  of  course 
be  raised  above  boiling-point ;  and  so,  in  rheostats  used  for 
testing  large  generators,  arrangements  are  made  for  a  con- 
stant flow  of  water  through  the  rheostat,  the  flow  being  so 
regulated  that  the  overflow  is  as  near  boiling-point  as  possible. 
Smaller  rheostats  must  be  frequently  inspected  and  filled  up 
with  water  when  necessary.  To  obviate  creeping,  vaseline 
may  be  smeared  round  the  bath  just  above  the  liquid  line. 
For  motors  up  to  lo  H.P.  a  vcr>'  compact  liquid  resistance 
has  lately  been  introduced  by  Woolliscroft.  It  is  provided 
with  no-volt  and  overload  release. 

An  article  in  the  American  Electrician^  xv.  512,  Oct  1903, 
deals  with  liquid  and  submerged  rheostats. 
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CHAPTER  XXVII. 

TESTING  DYNAMOS   AND  MOTORS. 

Tests  to  be  applied  to  dynamos  are  of  two  kinds,  viz.  those 
which  relate  to  the  resistance  and  insulation  of  the  various 
parts,  and  those  which  relate  to  the  efficiency  under  various 
loads. 

Testing  Construction. — The  resistance  of  the  various  parts 
of  the  armature  coils,  of  the  field-magnet  coils,  and  of  the 
various  connexions,  may  be  tested  in  the  ordinary  manner, 
by  means  of  a  Wheatstone's  bridge.  The  only  point  of 
difficulty  lies  in  measuring  such  small  resistances  as  those 
of  armatures  and  of  series  coils,  which  are  often  very  small 
fractions  of  an  ohm.  In  this  case  the  best  method  is  to 
employ  a  modem  potentiometer,  such  as  that  of  Crompton. 
Failing  this,  the  following  is  useful.  By  means  of  a  few 
accumulator  cells  send  a  strong  current  through  the  coil  or 
armature  whose  resistance  is  to  be  measured,  interposing  in 
the  circuit  an  amperemeter.  While  this  current  is  passing, 
measure,  by  means  of  a  sensitive  voltmeter,  the  fall  of  poten- 
tial between  the  two  ends  of  the  coil.  By  Ohm's  law,  the 
number  of  volts  of  fall  of  potential  divided  by  the  number  of 
amperes  will  give  the  resistance  in  ohms.  Additional 
accuracy  may  be  secured  by  connecting  in  the  circuit  a  strip 
of  stout  German  silver,  as  recommended  by  Lord  Rayleigh, 
of  known  resistance,  and  comparing  the  fall  of  potential 
between  the  two  ends  of  the  strip  with  the  fall  of  potential  in 
the  coil.  The  ratio  of  the  two  falls  of  potential  will  equal  the 
ratio  of  the  resistances. 

The   internal  resistance  of  a  dynamo  when  warm  after 
working  for  a  few  hours  is  considerably  higher  than  when  it  is 
I.        •  3  N 
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cold.  Tests  of  resistance  ought  therefore  to  be  made  both 
before  and  after  the  dynamo  has  been  running. 

Testing  Ifisulation-Resistance. — ^The  rational  mode  of 
testing  the  insulation  in  the  workshop  is  to  apply  a  high 
voltage — say  from  2000  to  4000  volts — and  see  whether  the 
insulation  resists  being  pierced.  The  electric  tension  or  stress 
to  which  the  dielectric  is  subjected,  tending  to  pierce  it,  varies 
as  the  square  of  the  volts.  The  most  convenient  way  of 
applying  the  tests  is  to  use  a  small  alternate-current  trans- 
former, giving  the  requisite  voltage.  All  dynamos,  motors 
and  transformers  intended  for  high  voltage  work  should  be 
tested  at  double  the  volts  at  which  they  are  intended  to  week. 
Tests  of  the  insulation-resistance  between  the  coils  of  a 
dynamo  and  its  metal  cores  or  frame  by  use  of  a  Wheat- 
stone's  bridge,  made  r^^larly  day  by  day.  are  useful  as  far  as 
they  serve  as  a  guide  to  the  way  in  which  the  machine  is 
being  cared  for  ;  since  damp  and  dirt  lower  the  insulation, 
and  if  neglected  promote  likelihood  of  a  break-down. 
Evershed's  ohmmeter  is  an  instrument  appropriate  for  these 
tests. 

Testing  Temperature-Rise. — The  instructions  given  by  the 
Admiralty  for  tests  of  temperature  are  that  at  the  end  of  a 
six  hours'  run  at  full-load,  no  accessible  part  of  the  armature 
or  field-magnet  shall  show  a  temperature  of  more  than  70^ 
Fahr.  above  that  of  the  dynamo  room.  It  is  usual  to  employ 
thermometers  with  narrow  cylindrical  bulbs  which  can  be  in- 
serted in  the  armature,  or  laid  upon  it  and  covered  with  a 
pad  of  cotton-wool  while  the  test  is  made. 

Testing  Performance  and  Efficiency. — The  testing  of  the 
efficiency  and  working  capacity  of  a  dynamo,  whether  work- 
ing as  generator  or  as  motor,  is  a  more  serious  matter,  and 
involves  both  electrical  and  mechanical  measurements. 

In  the  case  of  the  dynamo  generating  currents,  measure- 
ments must  be  made  {a)  of  the  mechanical  input  and  (If)  of  the 
electrical  output. 

In  the  case  of  the  motor  doing  work,  measurements  must 
be  made  (a)  of  the  electrical  input,  and  {p)  of  the  mechanical 
output 
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Measurement  of  Power, — The  general  methods  of  measur- 
ing the  power  mechanically  are  as  follows  :— 

{a)  Indicator  Method. — By  taking  indicator  diagrams  from 
the  steam-engine  which  supplies  the  power. 

(b)  Brake  Method. — By  absorbing  the  power  delivered  by 
the  machine,  at  a  friction  brake  such  as  that  of  Prony,  Poncelet, 
Appold,  Raffard,  or  Froude. 

{c)  Dynamometer  Method. — By  measuring  in  a  transmis- 
sion dynamometer  or  ergometer,  such  as  that  of  Morin,  von 
Hefner-Alteneck,  Ayrton  and  Perry,  or  of  F.  Jervis-Smith,  the 
actual  mechanical  power  of  the  shaft  or  belt. 

{d)  Balance  Method. — By  balancing  the  dynamo  or  motor 
on  its  own  pivots  and  making  it  into  its  own  ergometer. 

{e)  Electrical  Method. — By  making  the  motor  drive  the 
dynamo  which  supplies  it,  measuring  electrically  the  work 
given  out  in  the  one,  or  absorbed  by  the  other,  and  then 
measuring,  either  mechanically  or  electrically,  the  difference. 

(/)  Steam  Consumption, — In  cases  where  indicators  cannot 
be  used  (as  for  example  in  tests  of  steam  turbines),  the  weight 
of  steam  consumed  per  hour,  as  measured  by  feed-water 
supplied  to  the  boiler  or  by  the  water  from  the  condenser, 
may  be  taken  as  a  measure  of  the  gross  power. 

(a)  Indicator  Method. — ^The  operation  of  taking  an  indicator 
diagram  of  the  work  of  a  steam-engine  is  too  well  known  to 
engineers  to  need  more  than  a  passing  reference.  It  measures  the 
gross  power  imparted  thermally  to  the  engine,  not  the  nett  power 
given  by  the  engine  to  the  dynamo.  This  method  is,  however,  not 
always  applicable,  for  in  many  cases  the  steam-engine  has  to  drive 
other  machinery,  and  heavy  shafting  for  other  machinery.  In  such 
cases  the  only  remedy  is  to  take  two  sets  of  indicator  diagrams,  one 
when  the  dynamo  is  at  work,  the  other  when  the  dynamo  is  thrown 
out  of  gear,  the  difference  being  assumed  to  represent  the  horse- 
power absorbed  by  the  dynamo. 

{b)  Brake  Method. — The  friction-brake  of  Prony  is  well  known 
to  engineers,  but  the  same  can  hardly  be  said  of  the  more  recent 
forms  of  friction  dynamometers.  Various  improvements  have  been 
introduced  in  detail  from  time  to  time  by  Poncelet,  Appold,  and 
Deprez.  In  Prony's  method  the  work  is  measured  by  clamping  a 
pair  of  wooden  jaws  round  a  pulley  on  the  shaft ;  the  torque  on  the 
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jaws  being  measured  directly  by  hanging  weights  on  a  projecting  arm 
with  a  sufficient  moment  to  prevent  rotation.  If/  is  the  weight 
which  at  a  distance  /  from  the  centre  balances  the  tendency  to  turn, 
then  the  friction  force  /  multiplied  by  the  radius  r  of  the  pulley  will 
•equal  /  multiplied  by  /. 
This  may  be  written, 

Torque  =  fr  =  /  /. 


From  which  it  follows  that 


If  n  be  the  number  of  revolutions  per  second^  then  2  ir  ^i  is  the 
number  of  radians  per  second,  or  in  other  words,  the  angular  velocity, 
for  which  we  use  the  symbol  w,  and  2  ir  «  r  is  the  linear  velocity  v  at 
the  circumference.  Now  the  work  per  second,  or  power,  is  the 
product  of  the  force  at  the  circumference  into  the  velocity  at 
the  circumference,  or 

w  =  fv  =  ^  .  2irnr  =  2vnpL 

\i p  is  measured  in  pounds'  weight,  and  /in  feet,  then,  remembering 
that  550  foot-pounds  per  second  go  to  one  horse-power,  we  have, 


horse-power  absorbed  = 


_    27r«//. 


550 


or,  if  /  is  expressed  in  grammes'  weight,  and  /  in  centimetres,  it 
must  be  divided  by  7  •  6  x  10®  to  bring  it  to  horse-power. 

The  latter  improvements  imported  into  the  Prony  brake  are  of 
great  importance.  Poncelet  added  a  rigid  rod  at  right  angles  to  the 
lever,  and  attached  the  weights  at  the  lower  end.  Appold  substituted 
for  the  wooden  jaws  a  steel  strap,  giving  a  more  equable  friction,  and 
therefore  having  less  tendency  to  vibration.  Raffard^  substituted  a 
belt  differing  in  breadth,  and  therefore  offering  a  variable  coefficient 
of  friction,  according  to   the   amount    wrapped   round   the  pulley. 

^  For  farther  accounts  of  these  instniments  the  reader  is  referred  to  Weis]i>ach*s 
Mechanics  of  Engineering  ;  Spons*  Dictionary  of  En^neering^  Article  "Djmamo- 
meter"  ;  Smith's  Work-measuring  Machines  ;  a  series  of  articles  in  the  ^i^hbait, 
1883-4,  by  Mr.  Gisbert  Kapp  ;  Proc.  hut  Mech,  Eng.  1877,  p.  237  (Mr,  Fronde) ; 
Rep.  Brit.  Assoc,  1883  (Prof.  Unwin) ;  Jotirn.  Soc.  Telegr.-Eng.  and  Electr., 
xii.  346  (Profs.  Ayrton  and  Perry).  See  also  Official  Report  of  the 
Ellectrotechnical  Exhibition  of  Frankfort,  1891,  for  the  brake  tests  made  on  the 
turbines  at  Lauffen.  The  article  in  the  Encyclopadia  Britannica  Supplement  (1902) 
by  Prof.  Dalby,  gives  an  admirable  account  of  all  important  forms. 
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Further  modifications  of  this  kind  of  brake  dynamometer  have  been 
made  by  Professor  James  Thomson,  Professor  Unwin,  M.  Carpentier^ 
and  by  Professors  Ayrton  and  Perry.  The  friction  of  a  turbine 
wheel  was  also  applied  as  a  dynamometer  brake  by  the  late 
W.  Froude.  Professor  Alex.  B.  W.  Kennedy  has  obtained  excellent 
results  from  the  use  of  a  rope  brake. 

As  all  these  brake  dynamometers  measure  the  work  by  destroying 
it,  it  will  be  seen  that  though  they  are  admirably  adapted  to  measure 
the  work  furnished  by  a  motor,  they  cannot,  except  indirectly,  be 
applied  to  measure  the  work  supplied  to  a  dynamo.  Some  experi- 
ence in  working  with  thes2  machines  is  essential  if  reliable  results 
are  to  be  obtained  ;  but  with  the  more  modern  forms  of  instruments, 
such  as  those  of  Poncelet  and  RafFard,  the  results  are  very  good. 
The  great  secret  of  success  is  to  keep  the  friction  surfaces  well 
lubricated  with  an  abundant  supply  of  soap  and  water. 

Probably  the  most  accurate  method  of  measuring  power  by 
absorbing  it  is  to  use  as  brake  a  dynamo  of  high  and  known 
efficiency  on  a  load  of  lamps,  the  output  being  measured  by  ampere- 
meter and  voltmeter. 

(c)  Dynamometer  Method, — The  Prony  brake  was  styled  above  a 
brake  dynamometer ;  but  the  true  dynamometer  for  measuring  trans- 
mitted power  does  not  destroy  the  power  which  it  measures.  Trans- 
mission dynamometers  may  be  divided  into  two  closely  allied 
categories  :  those  which  measure  the  power  transmitted  along  a  belt, 
and  those  which  measure  power  transmitted  by  a  shaft. 

In  the  case  of  transmitting  power  by  a  belt,  the  actual  force 
which  drives  is  the  difference  between  the  pull  in  the  two  parts  of 
the  belt.  If  F'  is  the  pull  in  the  slack  part  of  the  belt  before  reaching 
the  driven  pulley,  and  F  the  pull  in  the  tight  part  of  the  belt  after 
leaving  the  driven  pulley,  then  F  —  F'  represents  the  nett  pull  at  the 
circumference,  and  (F  —  F')  x  r  is  the  torque  T.  Then  if  n  is  the 
number  of  revolutions  per  second  the  angular  velocity  co  will  be  equal 
to  2  IT  //.     This  gives  us  as  the  work  per  second,  or  power, 

w  =  ioT  =/v  ==  2'jrnr(¥  —  ¥'). 

As  before,  if  F  is  expressed  in  pounds*  weight  and  r  in  feet,  the 
expression  must  be  divided  by  550  to  bring  to  horse-power ;  or  must 
be  divided  by  7*6  x  10'  if  the  quantities  are  expressed  in  grammes* 
weight  and  centimetres. 

A  dynamometer  which  can  be  applied  to  a  driving  belt,  and 
actually  measures  the  difference  F  -  F'  in  the  tight  and  slack  parts 
of  the  belt,   has   been  designed  by  von   Hefner   Alteneck,  and  is 
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commonly  known  as  Siemens'  belt  dynamometer.^  Other  forms  have 
been  devised  by  Sir  F.  J.  Bramwell,  W.  P.  Tatham,*  W.  Fioiide, 
T.  A.  Edison  and  others.  Nearly  aU  of  these  instruments  introduce 
additional  pulleys  into  the  transmitting  system,  causing  additional 
friction. 

Much  more  satisfactory  are  those  transmission  dynamometeis 
which  measure  the  power  transmitted  by  a  shaft  In  nearly  all 
instruments  of  this  class  there  is  a  fixed  pulley  keyed  to  the  shaft, 
and  beside  it  a  loose  pulley  connected  with  it  by  some  kind  of  spring 
arrangement,  so  set  that  the  elongation  or  bending  of  the  spring 
measures  the  angular  advance  of  the  one  pulley  relatively  to  the 
other ;  this  angular  advance  is  proportional  to  the  transmitted  torque. 
To  this  class  of  instrument  belongs  the  well-known  dynamometer  of 
Morin,  in  which  the  displacement  of  the  loose  pulley  is  resisted  by  a 
straight  bar  spring,  the  centre  of  which  is  attached  to  the  driving 
shaft.  Modifications  of  the  Morin  instrument  have  been  devised  by 
Easton  and  Anderson,  Heinrichs,'  Ayrton  and  Perry,*  Murray,* 
W.  E.  Dalby,  and  the  Rev.  F.  Jervis-Smith,  of  the  Millard  Engineer- 
ing Laboratory,  Oxford.  Of  the  last-named  instrument,  a  fiill  descrip- 
tion and  cut  were  given  in  former  editions  of  this  book. 

(df)  BcUance  Mdhod. — ^With  small  motors  there  arises  the  diffi- 
culty that  the  ordinary  means  of  measuring  the  work  they  perform 
introduce  relatively  large  amounts  of  extraneous  friction.  The  motor 
to  be  tested  is  placed  with  its  armature  spindle  between  centres,  or 
on  friction  wheels,  and  the  weight  of  the  field-magnets  and  frame  is 
very  carefully  balanced  with  counterpoise  weights.  In  Fig.  567,  B  D 
represents  the  field-magnets  and  frame  of  the  motor  duly  counter- 
poised, and  E  is  the  armature.  AMien  the  current  is  turned  on,  the 
armature  tends  to  rotate  in  one  direction  and  the  field-magnets  in 
the  other ;  the  angular  reaction  being,  of  course,  equal  to  the  angular 
action.  If  the  reaction  which  tends  to  drive  the  field-magnets  round 
be  balanced  by  applying  a  force  P  (for  example  that  of  a  spring 
balance)  at  the  point  C  of  the  frame  A  B  C  D,  then  the  moment  of 
this  force  P  d^  measures  the  torque,  exactly  At  in  the  Prony  brake. 
Hence  it  will  be  seen  that  the  motor  has  become  its  own  dynamo- 
meter,   the  magnetic   friction  between   the  armature  and  the  field 

'  One  form  of  the  Siemens  dynamometer  is  described  by  Hopkioson,  Proc. 
Inst.  Mechan,  Eng,^  1S79.  A  more  modern  form  is  described  by  SchroCer, 
Bayerisches  Industrie-  und  Ge^Lvrbdflati,  1883. 

*  Journ.  Franklin  Institute^  Nov.  1886. 

'  See  Engineering,  May  2,  1884,  and  Electrical  Eeview^  April  26,  1884. 

*  Journ,  Soc.  Tchgr.-Eng,  and  Elcctr.^  xii.  163,  1883.        *  /^/V/.,  xviii.  1889. 
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magnet  being  substituted  for  the  mechanical  friction  between  the 
pulley  and  the  jaws.  A  modification  of  the  balance  method  due  to 
Herman  Miiller,  consists  in  swinging  the  dynamo  in  a  cradle 
pendulum  fashion,  from  the  driving-shaft,  and  estimating  the  power 
absorbed  by  the  displacement  from  the  vertical  line. 

M.  Marcel  Deprez  and  Professor  C.  F.  Brackett  have  proposed 
to  apply  the  balance  method  to  dynamos  in  action.  Professor 
Brackett  places  the  dynamo  in  a  sort  of  cradle,  balanced  on  centres 
that  lie  in  the  axis  of  rotation,  and  measures  the  torque  between  the 
armature  and  field  magnets,  and  multiplying  this  by  the  angular 
velocity  2  ir «,  obtains  the  value  of  the  power  transmitted  to  the 
armature. 

B 


Fio.  567.— -Rev.  F.  J.  Smith's  Method  of  Testing  Motors. 


All  these  several  dynamometric  methods  necessitate  the  use  of  a 
speed-indicator  to  count  the  number  of  revolutions  «,  which  enters 
as  a  factor  into  the  calculation  of  horse-power.  The  number  of 
revolutions  per  second  n  being  known,  the  angular  velocity  w  =  2  ir  « 
can  be  calculated.  This  only  requires  to  be  multiplied  by  the  torque 
T  =  F  r  to  give  the  power  or  work-per-second  w.  And  if  T  is 
expressed  in  pound-feet,  then. 


Horse-power  = 


2irfiFr_(oT 

'550  550 


(fi)  Electrical  Methods, — There  are  several  varieties  of  this 
modern  method  of  testing,  and  they  involve  the  use  of  two 
or  in  some  cases  three  machines.  Two  machines,  one  to  act 
as  generator,  the  other  as  motor,  are  connected  together  both 
electrically  and  mechanically,  so  that  the  power  is  circulated 
between  the  two  machines,  passing  from  generator  to  motor 
electrically,  and  returned  from  motor  to  generator  mechani- 
cally.    The  power  given  out  by  the  generator  machine,  and 


} 
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that  absorbed  by  the  motor,  are  measured  electrically.  In 
the  original  plan  of  Dr.  J.  and  E.  Hopkinson,*  the  small 
additional  power  required  to  drive  the  generator  was  supplied 
by  a  steam-engine  and  measured  mechanically  by  a  dynamo- 
meter. By  thus  circulating  the  power  it  is  possible  to  test  a 
pair  of  machines  at  say  500  horse-power  each,  using  only  a  50 
horse-power  steam-engine.  Modifications  of  this  method  for 
the  purpose  of  obviating  all  mechanical  measurements  have 
been  suggested  by  Lord  Rayleigh,^  Major  Cardew,*  whose 
method  dates  from  1882,  M.  Menges,*  Mr.  Ravenshaw*  and 
Mr.  Swinburne.* 

All  these  methods  are  far  more  accurate  than  the  rough 
mechanical  methods  of  earlier  date,  and  each  has  its  ad- 
vantages, but  Hopkinson*s  method  requires  two  similar 
machines,  and  Cardew's  requires  three  machines,  one  of  which 
must  be  powerful  enough  to  run  the  other  two.  In  Swinburne's 
method  the  loss  of  power  due  to  resistance  of  conductors  is 
calculated,  and  this  deducted  from  the  whole  loss  of  power  in 
the  machine  gives  the  "  stray  power  "  made  up  of  losses  due 
to  eddy-currents,  friction  and  magnetic  hysteresis,  which  are 
thus  measured  together.  This  stray  power  is  determined  by 
using  the  machine  as  a  motor,  the  field-magnets  being  sepa- 
rately excited  so  that  the  armature  has  the  same  magnetic 
induction  as  at  fyll-load,  the  electromotive-force  applied  to  it 
being  such  as  to  drive  it  at  its  normal  speed.  Only  a  small 
generating  dynamo  is  required  to  furnish  the  current  for  this. 
When  matters  are  so  arranged  that  the  machine  to  be  tested 
runs  at  its  normal  speed,  the  power  used  in  driving  the 
machines  (which  is  measured  electrically  by  taking  readings  of 
the  volts  on  the  armature  and  the  amperes  flowing  through  it 
and  multiplying  up)  is  equal  to  the  stray  power  at  full- 
load. 

*  Phil.   Irans.rt   1886,   ii.   347.     See  also  Ettctrician,  xvi.  347,   1886;  and 
Electrical  Review^  xviii.  207  and  230,  18S6. 

*  Electrical  Review^  xviii.  242,  1886. 

'  Ibid,^  xix.  464,  1886;  and  Electrician^  xvii.  410,  1886;  and  xxi.  275,  1887.* 

*  Electrician^  xvi.  371,  1886. 

*  Electrical  AeviaUf  xix.  424  and  437,  1886. 

*  Ibid,,  xxL  181  and  215,  1887. 
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An  example  may  be  useful.  Suppose  we  have  to  test  a  large  50  kilowatt 
shunt-wound  dynamo,  giving  500  amperes  at  100  volts  at  720  revolutions  per 
minute,  and  that  r^  —  o*oo6  ohm,  and  r,  =  12  ohms,  the  lost  amperes  will  be 
100^12  =  8*5,  total  current  say  508  amperes;  hence  lost  volts  508  x  o'oc6 
=  3  volts ;  whence  E  =  103  volts.  Watts  lost  in  armature  =  508  X  508  x  o'oo6 
=  1548.  Watts  lost  in  shunt  coil  =  loo  x  loo  ^  12  =  833.  Now  arrange  any 
small  dynamo,  of  say  2  H.P.,  to  give  out  current  at  103  volts  ;  and  from  this  run 
the  large  dynamo  that  is  to  be  tested,  as  a  motor,  with  no  other  load  than  its  own 
friction,  hysteresis  and  eddy-currents.  It  will  run  under  720  revolutions,  since 
with  such  small  current  its  armature  produces  no  demagnetizing  action  to  quicken 
it  up.  Therefore  add  some  resistance  to  its  shunt  till  it  comes  up  to  speed.  Then 
measure  the  current  it  is  taking ;  this  multiplied  by  E  gives  the  stray  power. 
Suppose  it  takes  9  amperes,  then  the  stray  power  is  103  x  9  =  927  watts.  We 
may  at  once  reckon  out  the  efficiencies.  The  losses  now  known  are  1548  +  833 
+  927  =  3308.  Add  this  to  the  50,000  watts  of  nett  output,  and  we  get  the 
gross  output  53,308.     Hence  we  have  the  following : — 


Gross  efficiency  =  ^  -'  „  =  98*3  per  cent 

53308 

Electrical  efficiency  =  ^      -    =  95*5  „ 

52381 

Nett  efficiency  =  ^^^  =  93 '  8 

53308 


Mr,  Kapp  ^  has  devised  a  method  of  testing  which  permits 
the  commercial  or  nett  efficiency  to  be  determined  electrically 
with  far  higher  accuracy  than  is  possible  with  any  mechanical 
dynamometer.  It  requires  two  machines  of  nearly  equal  power, 
one  G  to  run  as  generator,  the  other  M  as  motor,  together  with 
a  small  auxiliary  machine  X  of  normal  voltage,  to  which  the 
other  two  are  coupled  in  parallel,  Fig.  568.  The  armatures  of 
G  and  M  must  also  be  coupled  together  mechanicall}',  and  the 
field  of  M  must  be  weakened  by  use  of  a  rheostat,  so  that  it 
may  run  as  a  motor.  X  gives  the  current  necessary  for  excit- 
ing and  for  making  up  the  difference  between  the  currents  in 
G  and  M.  Insert  an  amperemeter  from  one  brush  of  G  to  one 
of  M  to  measure  the  currents.  Take  a  reading  of  the  G 
current  when  the  auxiliary  current  is  led  in  on  the  right,  and 
another  reading  of  the  M  current  when  the  auxiliary  current 
is  led  to  the  left  As  the  volts  are  the  same  in  each  case, 
the  ratio  of  the  two  currents  is  the  efficiency  of  the  combina- 
tion of  the  two  machines ;  and  the  square  root  of  the  ratio  of 
the  two  readings  is  the  efficiency  of  either  machine. 

*  See  Electrical  Engineer,  Jan.  22,  1892,  and  Electrician^  July  5,  1895,  3^9^ 
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Testing  Separate  Losses, — In  the  preceding  paragraph  no 
distinction  was  made  between  the  three  sources  of  loss  which 
go  to  make  up  the  stray  power,  namely,  friction,  eddy-currents 
and  hysteresis.  It  was  indeed  possible  to  separate  the  eddy- 
current  loss  from  the  others  by  making  experiments  at 
different  speeds,*  because  the  eddy-current  loss  increases  pro- 
portionately to  the  square  of  the  speed,  whilst  the  other  losses 
are  approximately  proportional  simply  to  the  speed  The 
power  thus  wasted  was  given  to  the  armature  by  a  motor 
and  measured  electrically.  In  1891,  a  method  of  separating 
these  losses   was   independently   published   by   Kapp'  and 


Fig.  568. — Kapp*s  Method  of  Testing  Efficiency. 

by  Housman.^  From  the  latter's  paper  is  taken  Fig.  S^ 
which  shows  the  method  adopted  by  both  these  engineers. 
The  method  is  as  follows : — Let  the  field-magnet  be  separately 
excited  to  a  constant  value.  Then  measure  the  currents  re- 
quired to  run  the  armature  as  a  motor  with  no-load  at 
different  speeds,  by  using  different  volts.  The  results  when 
plotted  out  as  a  curve  give  a  straight  line  A  B,  Fig.  569,  cut- 
ting the  axis  of  current  above  the  origin.  A  horizontal  line 
A  D,  through  A,  divides  the  ordinates,  such  as  C  B,  into  two 
parts  ;  one  C  D,  which  represents  the  losses  that  are  propor- 
tional to  speed  ;  and  another  D  B  which  represents  those  that 

'  yoiirn.  Ifist,  Electrical  Engineers,  xviii.  620,  1889. 
*  Electrician,  xxvi.  699,  1 89 1. 

'  Ibid,,  XX vi.  700,   1891 ;    also  Journ,  Inst.  Electrical  Engineers,  xx.  29^ 
1891. 
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are  proportional  to  the  square  of  the  speed.  To  separate  fric- 
tion of  bearings  and  brushes,  the  armature  should  be  coupled 
direct  to  another  similar  machine,  the  latter  running  without 
excitation  of  magnets,  when  the  increase  of  current  needed  to 
drive  will  give  a  measure  of  frictional  loss,  and  from  this  the 
lines  E  F  and  G  H  may  be  plotted  out.  Or  the  unexcited 
machine  may  be  coupled  to  a  small  motor  to  drive  it,  and  the 
power  required  to  drive  it  when  the  only  load  is  that  of  the 
frictional  loss  may  be  measured  electrically  on  the  motor.  If 
a  second  set  of  observations  are  made  with  a  field  of  different 


M 

8-5 


.^^ 
« 


G 


Foucault-cwrrents, 


Hysteresis 


ffrmh  tricMoiL 


Bearing  Friction. 


0  yclis  in  Armature, 

OC Speed  with  given  field. 

Fig.  569.— Separation  of  Losses  in  Dynamo. 
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strength,  a  second  line  A' B' will  be  obtained,  which,  will  be 
above  or  below  A  B,  according  to  whether  the  change  of  field 
has  increased  or  diminished  the  total  losses.  The  minimum 
total  loss  usually  occurs  with  an  excitation  that  makes  the 
flux-density  B  in  the  armature  about  95,000  or  105,000  ;  for 
when  the  excitation  is  pushed  further,  not  only  does  hysteresis 
become  much  greater,  but  the  eddy-currents  in  shaft  and  pulley 
due  to  the  leakage  of  magnetic  lines  are  greater.  If  the  line 
A  B  curves  upwards  at  the  higher  values,  it  shows  that  the 
eddy-currents  in  the  armature  are  producing  perceptible 
demagnetization. 
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Additional  Losses  at  Full-Load, — Reference  was  made  on 
pages  219  and  523  to  a  certain  increase  in  the  losses  at  full- 
load,  attributable  in  part  to  eddy-currents  in  the  copper,  to 
eddy-currents  in  the  pole-pieces,  and  to  the  unequal  distri- 
bution of  current  between  the  armature  circuits.  Dettmar^ 
has  pointed  out  that  there  is  also  an  increase  in  the  iron-losses 
arising  as  a  secondary  consequence  of  the  magnetic  distortion. 
If  by  reason  of  distortion  the  flux  is  increased  in  one  part  of 
the  iron  and  diminished  in  another,  inasmuch  as  some  of  the 
losses  are  proportional  to  B^  and  others  to  b"'^  the  total  iron- 
loss  will  be  greater  than  that  calculated  from  the  mean  value. 
If  mean  values  are  taken,  then  the  exponent  for  eddy-current 
losses  may  rise  from  2  to  2  •  i  in  the  teeth,  or  2  •  2  in  the  pole- 
pieces  ;  while  that  for  the  hysteresis  losses  rise  from  i  '6  to 
\"j6  in  the  teeth,  or  to  2  in  the  pole-pieces.  He  carried  out 
a  careful  series  of  experimental  measurements  in  support  of 
his  views. 

Testing  of  Combined  Plant. — It  is  usual  to  specify  for  com- 
bined plant  that  the  efficiency  of  the  combined  engine  and 
dynamo  taken  together,  on  a  run  of  several  hours  at  full-load, 
shall  reach  some  prescribed  figure ;  and  that  the  steam 
consumption  per  kilowatt-hour  of  output  shall  also  not 
exceed  a  given  limit.  The  requirements  of  British  consult- 
ing engineers  have  been  for  many  years  exacting,  with  the 
result  that  manufacturers  and  contractors  ^  have  attained  to 
exceedingly  high  efficiencies. 

As  an  example  of  tests  of  a  continuous-current  combined 
plant  we  may  take  those  made  by  Professor  A.  B.  ^ 
Kennedy  in  May  1893,  at  Thames  Ditton,  of  a  123  kilowatt 
shunt-wound  dynamo  by  Holmes  &  Co.,  direct  driven  from  a 
two-crank  compound  Willans  engine  (condensing)  at  335  ^^ 
lutions  per  minute.  During  a  six  hours'  run  with  a  load  of 
loio  amperes  at  120  volts  (or  121  •  5  kilowatts,  or  162*8  horse- 
power electrical  output),  steam  was  being  used  at  33U'^- 
per  hour,  or  27  •  3  lbs.  per  kilowatt  hour,  or  20*  3  lbs.  per  horse- 

*  Elektroiechnische  Zeitschrift^  xix.  April  1898  ;  and  xx.  203,  1899. 
'  See  a  remarkable  paper  by  Mr.  R.  E.  CromptoD,  Proc,  Inst.  Civil  Enpnuf^ 
cyi.  1891. 
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power  hour,  of  the  nett  electrical  output.  The  internal  horse- 
power during  same  time  as  measured  with  indicators,  was 
190 '2,  giving  an  efficiency  of  85 '6  per  cent.  The  steam  used 
per  horse-power  indicated  was  17*4  lbs.  The  rise  of  tempera- 
ture at  the  end  of  the  run  was  found  to  be  40°  C.  above  that  of 
the  surrounding  air.  Tests  were  made  also  at  J,  \  and  |  load, 
also  when  the  dynamo  was  run  on  open  circuit,  excited  and 
unexcitcd,  and  when  the  engine  was  run  alone  uncoupled. 
The  results  are  plotted  out  in  the  accompanying  diagram, 


H.P.MO 


Fig.  570.— Test  of  Holmbs-Willans  Combined  Plant  (Kennedy). 

P'g-  570-  When  worked  out  in  detail  it  appears  from  these 
tests  that  the  efficiency  of  the  engine  by  itself  is  89*5  per 
-cent. ;  that  of  the  dynamo  by  itself  95*6  per  cent. 

The  tests  of  Parsons'  steam  turbine,  made  by  Ewing  in 
1892,  showed  a  steam  consumption  of  27  to  28  lbs.  per  kilo- 
watt-hour at  TuU-load,  and  of  30  to  32  lbs.  per  kilowatt-hour 
at  half-load ;  1 5  J  lbs.  per  kilowatt-hour  are  now  claimed  for  the 
recent  steam  turbines  of  3500  kw.  size. 
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An  elaborate  arrangement  of  speed-cones  for  dynamo-testing,  designed 
by  Pro£  Ayrton,  is  described  in  Industries^  June  22,  1888.  For  detailed 
accounts  of  tests  on  dynamos  the  reader  is  referred  to  the  following 
sources  :  Report  of  Committee  of  Franklin  Institution^  1878 ;  Ofcul 
Report  of  Munich  Electric  Exhibition,  1882  ;  also  Prof.  W.  G.  Adams' 
Inaugural  Address,  Journal  of  Society  of  Telegraph  Engineers  axi 
Electricians^  xiv.  4,  1885 ;  also  Reports  of  Electrical  Exhibition  at 
Philadelphia,  1884,  published  in  Journal  of  the  Franklin  Institu- 
tion, 1885  ;  tests  of  arc-lighting  dynamos^  at  Melbourne  Exhibition,  tn* 
K.  L.  Murray,  Journal Ifistitution  Electrical  Engineers,  xviii.  1889;  tests 
of  dynamos  (Desroziers,  Edison,  Granmie,  etc.)  at  Paris  Exhibition'of  1S89. 
by  A.  Minet,  La  Lumiere  Electrique,  xxxv.  1889 ;  tests  on  Stanley  Aic 
Alternator  by  Duncan  and  Hassen,  Electrician,  xxvi.  Jan.  1891; 
tests  of  a  Goolden  dynamo  and  Willans  engine,  separating  the  losses,  H* 
xxvi.  p.  36,  1890 ;  tests  of  a  Wenstrom  dynamo,  separating  the  losses,  b)* 
Duncan,  Electrical  Review^  xxvi.  116,  Jan.  1890;  papers  on  Causes  of 
Losses,  by  Hummel,  in  Elektrotechnis(he  Zeitschrift,  viii.  1887,  and  xii- 
189 1.  At  the  Frankfort  Exhibition  of  189 1,  very  careful  tests  were  made 
of  numerous  machines  under  very  favourable  conditions.  These  are 
detailed  in  the  second  volume  of  the  Official  Report,  published  at 
Frankfort  in  1893.  The  paper  on  the  Testing  of  Tramway  Motors,  In' 
M.*  B.  Field,  in  Journal  Institution  Electrical  Engineers,  xxL  1902* 
discusses  various  methods  of  testing,  and  gives  results  in  detail.  FrictioD 
losses  in  dynamos  have  been  discussed  by  Kinzbrunner,  Van  Rossem  and 
by  Dettmar  in  the  Elektrotechnische  Zeitschrift,  vol.  xxiv.  for  1903 ;  also 
by  Dettmar  in  vol.  xx.  p.  380,  1899. 


Management  of  Dynamos. 

On  Coupling  Two  or  More  Dynamos  in  One  Ciradt. — It  is  some- 
times needful  to  couple  two  or  more  dynamos  together  so  that  they 
may  supply  to  a  circuit  a  larger  quantity  of  electric  energy  than 
either  could  do  singly.  Thus  it  may  occur  that  two  dynamos, 
neither  of  which  can  safely  carry  a  greater  current  than  1000  amperes, 
are  required  to  supply  jointly  a  2000-ampere  current;  or  two 
machines,  each  of  which  can  run  at  60  volts,  are  required  to  fiimish 
an  electromotive-force  of  120  volts.  Simple  as  these  cases  may 
seem,  it  is  not  so  easy  to  carry  them  out,  because  it  depends  upon 
the  construction  of  the  machine,  and  especially  upon  the  mode  ol 
excitation  of  the  field-magnets,  whether  they  can  be  coupled  together 
without  interfering  with  each  other's  running.  For  it  may,  and  does, 
occur  that  if  not  rightly  arranged,  one  machine  will  absorb  energ}' 
from  the  other  and  be  driven  as  a  motor  instead  of  adding  anytiiing 
to  the  energy  of  the  circuit. 

Coupling  Continuous-airrcnt  Machines  in  Series.  —  Series-wound 
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dynamos  may  be  united  in  series  with  one  another  for  the  purpose  of 
doubling  the  electromotive-force.  Thus  two  Brush  machines,  each 
working  at  10  amperes,  and  each  capable  of  working  6  arc-lamps, 
may  be  joined  in  one  circuit  with  1 2  arc-lamps  in  series.  The  only 
needful  precaution  is  to  see  that  the  +  terminal  of  one  machine  is 
joined  to  the  —  terminal  of  the  other,  precisely  as  with  cells  of  a 
battery.  Shunt-wound  dynamos  may  also  be  coupled  in  series, 
though  the  arrangement  is  not  good  unless  the  two  shunt-coils  are 
also  put  in  series  with  one  another,  so  as  to  form  one  long  shunt 
across  the  circuit.  Compound-wound  dynamos  may  be  connected  in 
series  with  one  another,  provided  the  shunt  parts  of  the  two  are 
connected  as  a  single  shunt,  which  may  extend  simply  across  the  two 
armatures  (double  short-shunt),  or  may  be  a  shunt  to  the  external 
circuit  (double  long-shunt),or  may  be  a  mixture  of  long  and  short  shunt. 
The  same  considerations  apply  to  more  than  two  machines.  The 
coupling  of  altemate-cuijent  dynamos  introduces  considerations  of  a 
special  kind,  which  are  dealt  with  in  Vol.  II. 

Coupling  Dynamos  in  Farallei,--*DYndimo^^  to  run  well  in  parallel 
without  any  special  coupling  devices,  should  have  a  falling  charac- 
teristic (see  p.  330),  for  if  the  characteristic  rises,  then  the  machine 
yielding  the  greatest  share  of  the  current  will  have  its  electromotive- 
force  increased  thereby  and  Will  yield  more  and  more  current  until 
it  takes  all  the  load  and  drives  the  other  machines  as  motors.  If,  on 
the  other  hand,  the  electromotive-force  falls  with  an  increase  of 
current  the  load  is  automatically  divided  between  the  machines.  It 
is,  of  course,  possible  for  a  machine  to  have  a  rising  characteristic 
when  run  at  a  perfectly  constant  speed,  and  yet  through  the  slowing 
of  the  engines  with  increased  load  the  characteristic  of  the  combined 
plant  may  be  a  falling  one.  In  such  a  case  where  each  dynamo  is 
driven  by  a  separate  engine  parallel  working  would  be  possible.^ 

Simple  shunt  machines  always  have  a  falling  characteristic  and 
therefore  there  is  no  great  difficulty  in  running  them  in  parallel,  as 
indeed  is  done  on  a  large  scale  every  day  in  central  lighting  stations. 
The  chief  precaution  to  be  taken  is  that,  whenever  an  additional 
dynamo  hals  to  be  switched  into  circuit,  its  field  must  be  excited, 
and  it  must  be  run  at  full  speed  before  its  armature  is  switched  into 
connexion  with  the  mains,  otherwise  the  current  from  the  mains 
will  flow  back  through  it  and  overpower  the  driving  force.'* 

*  Bayers,  Journ,  Inst.  Elec,  Engs,^  xxiv.  137,  1895. 

«  See  Burstyn,  in  the  Zeitschrift  fur  angewandte  EiektricUatsUhre^  1881, 
p.  339,  also  Schellen  (2nd  edition),  p.  717  ;  Ledeboer,  in  La  Lumih-e  ^lecirique, 
XX vi  210,   1887;  Meylan,    in  La  Lumih'e  AiectriquCy  xxvi.  379,    1887;    and 
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Two  series  dynamos  cannot  be  coupled  in  parallel  in  a  circuit 
without  a  slight  rearrangement,  otherwise  they  interfere.  For, 
suppose  one  of  them  to  fall  a  little  in  speed,  so  that  the  electromotive- 
force  of  one  machine  is  higher  than  that  of  the  other  machine  witL 
which  it  is  in  parallel,  the  machine  having  the  higher  electromotive- 
force  will  then  drive  a  current  in  the  wrong  direction  through  the 
other  machine,  reversing  the  polarity  of  its  field-magnets  and  driving 
it  as  a  motor.  To  obviate  this,  Gramme  made  the  suggestion  that 
the  machines  should  be  coupled  in  parallel  at  the  brushes  as  well  as 
at  the  terminals.  This  is  shown  in  Fig.  571.  The  terminals  Ti  Tj 
of  one    machine   are    respectively  joined  to  Tj  T^  of  the  second 

machine,    and  a   third   wire   joins  Bi 
with  Bj.     Triple-pole  switches  are  con- 
venient.     If  both  machines  are  doing 
precisely  equal  work,  there  will  be  no 
current  through  the   wire    B^  Bj.       If 
either   machine   falls  behind,    part  of 
the  current  from  the  other  machine  wiU 
flow  through  B^  B^  and  help  to  maintain 
the  excitement  of  the  magnets  of  the 
Fig.  571.— Coupling  of        weaker  machine.     This  effectually  pre- 
Two  Series  Dynamos        vents  reversals.      Another   method   of 
IN  Parallel.  coupling    two    series    machines    is   to 

cause  each  to  excite  the  other's  field- 
magnetism.     This  equalizes  the  work  between  the  two  machines. 

Coupling  of  Compound  Dynamos  in  Parallel, — In  working  com- 
pound dynamo  machines  in  parallel  circuit,  some  difficulty  has  been 
found,  on  account  of  their  tendency  to  behave  in  the  same  manner  as 
series-wound  machines.  Mr.  Mordey  first  pointed  out  that  the 
difficulty  might  be  overcome  by  connecting  the  parallel  machines  in 
such  a  way  that  not  only  are  the  shunt  portions  of  the  field-magnets 
in  parallel  circuit,  but  the  series  circuits  of  the  field-magnets  are  also 
a  shunt  on  one  another  \  in  other  words,  by  connecting  the  brushes 
as  well  as  the  terminals,  in  parallel  circuit,  precisely  as  Gramme  had 
done  for  series-wound  machines. 

In  Fig.  572,  Ai  A^are  the  armatures  of  two  compound  dynamos, 
Ti  Ti  and  T^  T2  are  the  terminals;  the  wire  B^  B.^  acting  in  con- 
junction with  the  lead  Tj  Tg  on  the  left,  puts  the  armatures  in 
parallel.     The  dynamos  should  each  be  furnished  with  a  switch  5  in 

Feussner,  in  Zeiisehrift  fiir  Elektrotechnik^  1887,  108 ;  also  Prof.  Puffer  io 
Technology  Quarterly ^  v.  380,  1893.  See  also  the  special  mode  devised  by  S.  S. 
Wheeler,  U.S.  Patent  No.  335»048  of  1886. 
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the  shunt  circuit  \  they  should  each  also  have  a  switch  m  in  their 
main  circuit  between  the  'armature  part  and  the  point  where  the 
shunt  circuit  joins  on,  so  that  the  armature  part  may  be  interrupted 
without  interrupting  the  shunt  circuit.  The  connecting  wire  from 
brush  to  brush,  which  should  be  at  least  as  thick  as  the  mains,  should 
also  be  furnished  with  a  switch  z.  Suppose  dynamo  No.  i  is  at  work 
alone,  its  two  switches  s^  /;/„  will  be  closed.  If,  now,  dynamo  No.  2 
is  to  be  thrown  in,  the  following  order  must  be  observed.  First  get 
up  the  speed  of  No.  2  to  its  full  value,  then  close  jj,  then  z ;  this  will 
fully  excite  its  magnetism  ;  lastly,  close  wij*  When  No.  2  has  to  be 
thrown  out  of  circuit  the  order  must  be  exactly  reversed :  first  open 
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Fig.  572,— Coupling  of  Two  Compound  Dynamos  in  Parallel. 

m^ ;  then  z ;  then  jj  j  lastly,  slow  down  the  machine.  A-  special 
combination-switch,  which  will  perform  these  successive  operations  in 
their  proper  order,  is  desirable. 

When  compound  d3niamos  are  connected  in  this  way,^  they  work 
quite  satisfactorily,  and  exercise  a  considerable  power  of  mutual 
adjustment ;  for  any  increase  in  the  currerxt  from  one  machine  is 
divided  equally  among  the  series  coils  and  does  pot  raise  the  electro- 
motive-force of  one  machine  more  than  another. 

*  The  method  proposed  by  M.  Ledeboer  in  Za  Lumi^e  £lecirique,  xxvi.  210, 
1887,  is  practically  identical  with  the  above. 
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Not  only  does  this  control  exist  with  similar  compound  dynamos, 
but  it  may  be  relied  on  when  the  dynamos  are  unlike  in  size,  pover 
and  s[)eed.  For  instance,  large  and  powerful  machines  may  be 
worked  in  parallel  circuit  with  smaller  machines  of  various  powers 
and  each  will  do  its  proper  share  of  the  work.  The  resistance  of  the  J 
series  coil  of  each  machine  must,  in  this  case,  be  adjusted  so  that  the 
division  of  the  current  among  the  coils  is  in  proportion  to  the  powen 
of  the  machines.  If  the  switch  z  is  permanently  kept  closed  the 
effect  is  to  make  the  excitation  of  the  field  of  all  the  machines  depend 
upon  the  total  output  of  the  station,  and  thus  it  is  possible  to  com- 
pensate for  a  drop  in  volts  which  takes  place  in  the  mains. 


General  Instructions  in  Use  of  Dvnamos. 

Position  of  Dynamo. — ^The  place  chosen  should  be  dry,  free  from 
dust  and  preferably  where  a  cool  current  of  air  can  be  had.  If 
the  dynamo  is  not  direct-driven,  sufficient  room  should  be  allowed  for 
a  belt  of  proper  length. 

Foundations, — It  is  most  important  to  secure  good  foundations 
for  every  dynamo ;  and  if  the  dynamo  is  direct-driven,  but  is  not  on 
the  same  bed-plate  as  the  engine,  a  foundation  large  enough  for  both 
together  should  be  laid  down.  Stone  or  concrete  may  he  used,  or 
brick  built  with  cement,  having  a  large  thick  stone  bedded  at  the 
top.  For  small  dynamos  the  holding  down  bolts  may  be  set  with 
lead  or  sulphur  in  holes  in  the  stone  top ;  but  for  large  dynamos  the 
bolts  should  be  long  enough  to  pass  right  down  to  the  bottom,  where 
they  should  be  secured  into  iron  plates  built  in.  If  long  holes  are 
left  in  the  foundations  for  the  holding-down  bolts,  they  should  be 
filled  in  with  thin  cement  after  the  latter  have  been  put  in  place. 

Sliding  Rails, — All  belt-driven  d}'iiamos  ought  to  be  provided 
with  tightening  gear  to  take  up  the  slack.  If  the  dynamo  is  not 
provided -with  sliding  rails  under  its  bed-plate,  and  tightening  scre«% 
the  less  desirable  method  of  employing  a  tenting  pulley  may  be  used 
In  any  case  the  bed  for  the  dynamo  must  be  quite  level,  and  its 
shaft  set  properly  parallel  with  the  driving  pulley. 

Setting  Up. — Before  setting  up  any  dynamo  or  motor  which  has 
been  long  imused,  or  has  been  exposed  to  changes  of  climate,  it 
should  be  kept  for  a  few  days  in  a  warm  and  dry  place.  For  the 
insulation  materials  are  liable  to  absorb  damp  that  can  only  be  slowly 
dried  out.  Nothing  is  more  likely  to  cause  a  break-down  than  to 
attempt  to  run  a  machine  that  is  not  thoroughly  dr}'. 


Testing  and  Management.  931 

Before  Starting. — Examine  the  dynamo  before  it  is  set  running 
for  the  first  time.  Remove  caps  of  bearings  and  clean  them  and  the 
journals.  Replace  them,  but  do  not  screw  up  too  tightly.  See  that 
lubricators  are  filled,  and  the  drip  properly  adjusted.  Where  the 
bearings  are  self-oiling  see  that  the  oiling  ring  works  properly.  Use 
copper  oil-cans.  Turn  the  armature  round  by  hand  to  see  that 
nothing  catches  and  no  loose  wires  or  waste  are  aflhering  to  it* 
Test  the  centring  of  the  armature  by  measuring  with  a  small  wooden 
wedge  the  width  of  the  clearance  all  round.  Clean  up  the  commu- 
tator with  the  finest  glass-paper  (emery  paper  must  not  be  used),  and 
note  carefully  that  no  dirt  or  copper-dust  is  lodged  between  the  bars 
of  the  commutator.  A  stiff  dry  hog-brush  will  be  useful  here.  See 
that  the  brush-holders  work  rightly,  and  that  the  hold-off  catches,  if 
any,  are  in  order.  See'  that  each  brush  is  properly  trimmed  (i.e. 
filed  off  at  the  proper  bevel  at  the  ends.  Some  makers  provide  a 
special  tool  to  guide  the  file  at  the  proper  angle).  Adjust  the 
brushes,  first,  by  clamping  them  veiy  firmly  in  their  holders,  so  that 
they  protrude  to  the  proper  length.  Adjust  them,  secondly,  so  that 
they  bear  with  a  moderate  but  firm  pressure  on  the  commutator. 
See,  thirdly,  that  when  so  pressing,  they  bear  in  the  right  positions. 
For  2-pole  dynamos  the  brushes  should  bear  on  precisely  opposite 
bars  of  the  commutator.  For  4-pole  dynamos  they  bear  on  bars  that 
are  a  quarter  of  the  circumference  apart.  (It  is  customary  for 
makers  to  mark  two  of  the  commutator  bars  with  a  centre-punch  so 
that  this  adjustment  may  be  verified.)  In  the  row  of  two  or  more 
positive  brushes  abreast,  arrange  them  so  that  the  gaps  between 
them  are  opposite  the  negative  brushes,  so  that  the  commutator  will 
wear  evenly.  (It  is  well  to  shift  the  position  of  the  brushes  along 
the  brush  pillars  from  time  to  time.)  Then,  having  verified  these 
adjustment,  remove  all  spanners  and  loose  pieces  of  iron  from  the 
vicinity  of  the  field-magnets.  If  there  is  any  fear  of  the  dynamo 
being  started  in  the  wrong  direction,  it  is  well  that  the  brushes  should 
be  only  lowered  after  starting.  It  is  dangerous  to  raise  the*  brushes 
while  the  current  is  on. 

It  is  necessary  that  carbon  brushes  should  be  very  carefully  fitted 
to  the  curvature  of  the  commutator.  One  way  of  doing  this  is  to 
paste  round  the  commutator  a  strip  of  fine  glass-paper  and  run  the 
dynamo  with  the  brushes  in  their  normal  position,  until  the  ends  are 
worn  down  to  the  right  shape.  Carbon  brushes  give  less  trouble 
than  copper  brushes,  as  they  do  not  wear  the  commutator  so 
much  nor  do  they  spark  so  readily.  A  carbon  brush  should  be  free 
from  the  slightest  suspicion  of  a  crack  or  flaw,  and  a  "  glass-hard  ^* 
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comer  should  not  be  allowed  to  come  in  contact  with  the  commu- 
tator. 

The  brushes  being  adjusted  and  lubricators  filled,  see  that  the 
connexions  are  ri^t,  and  the  terminals  tighdy  screwed  down.     Briiig 
the  machine  up  to  speed  slowly,  keeping  a  sharp  look-out  for  anythii^        ^ 
that  may  be  wrong,  and  be  ready  to  slow  down  at  any  instant.     £>o 
not  raise  a  brush  without  having  turned  off  the  current,  unless  there        j 
are  two  or  more  brushes  side  by  side.     If  the  machine  is  shunt-        \ 
wound  it  will  at  once  excite  itself,  though  the  main  switch  is  still        ] 
open.     If  the  dynamo  is  for  supplying  glow-lamps,  do  not  on  any        > 
account  turn  on  the  main  switch  until  you  see  whether  the  machine        \ 
is  giving  the  right  volts,  or  you  may  ruin  all  your  lamps.     For  if  the        \ 
speed  is  too  high,  the  volts  may  be  too  high.     A  pUot  lamp  or  a       \ 
voltmeter  will  tell  you  if  all  is  right     Then,  before  you  turn  on  the 
main  switch,  observe  the  brushes  to  see  if  there  is  any  sparking.     If        . 
there  is  any  sign  of  sparks,  rock  the  brushes  fonii^ard  or  backward 
till  a  spark  less  place  is  found.     Not  until  then  should  the  main  switch 
be  turned  and  the  lamps  lit     In  the  case  of  new  machines  it  is  well 
that  they  should  be  run  unexcited  for  some  hours,  in  order  to  wear        \ 
the  brush  faces  to  fit  the  commutator  truly.  > 

Daily  Attention, — It  is  of  the  utmost  importance  to  keep  a  j 
•dynamo  scrupulously  clean.  A  cotton  rag  should  be  used  in  prefer- 
•ence  to  wciste^  as  the  latter  leaves  loose  ends  sticking  to  parts  where  it 
is  objectionable.  An  air-blast  is  used  by  the  Westinghouse  Co.  for  I 
getting  rid  of  dust  Besides  daily  lubrication,  attention  must  be  given  \ 
to  the  brushes  to  see  if  they  require  to  be  fed  forward  or  trimmed. 
The  commutator  should  not  be  oiled,  but  only  wiped  with  a  clean 
oily  rag  or  a  piece  of  cotton  cloth  {not  waste)  smeared  with  \'aseline. 
^This  reservation  does  not  apply  to  arc-light  d3mamos  with  special  • 
commutators  with  wide  air-gaps,  which  may  be  oiled  freely.)  Do  not 
let  the  oil  creep  on  parts  that  do  not  require  it  Oil  is  apt  to  spoil 
the  insulating  materials  by  rotting  the  varnish,  and  affording  a  lodg- 
ment for  dirt  and  for  the  fine  dust  that  flies  from  the  brushes.  Also, 
if  oil  gets  to  the  commutator  it  will  char  imder  the  brushes,  forming 
a  carbonaceous  film  between  the  commutator  bars,  inviting  a  short- 
circuit.  This  fault  is  less  likely  to  occur  when  mica-insulation  is  used 
than  when  paper  insulation  is  employed.  It  has  been  observed 
that  the  brushes  wear  and  heat  imequally :  the  positive  brush  wearing 
faster  than  the  negative.  But  this  is  unimportant  If  there  is  solder 
on  the  brushes,  care  should  be  taken  that  the  soldered  part  should 
never  be  used  for  contact  on  the  commutator ;  it  will  set  up  flashing 
sparks. 
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If  the  dynamo  is  driven  from  heavy  shafting,  so  that  there  is  no 
risk  of  turning  backwards  at  starting  or  stopping,  then  the  brushes 
may  always  be  left  down  on  the  commutator.  Many  dynamos  will 
spark  at  full-load  unless  the  brushes  are  rocked  forward  beyond  the 
point  that  gave  sparkless  running  on  open  circuit.  Sparkless  running 
is  a  vital  matter  if  the  commutator  is  to  last  long.  The  attendant 
cannot  be  too  strongly  impressed  with  the  necessity  of  proper  care 
on  this  matter.  A  well-designed  modem  dynamo,  if  properly 
attended  to,  will  soon  acquire  a  beautiful  dark-polished  surface  on  its 
commutator.  But  the  commutator,  even  of  a  good  machine,  may  be 
ruined  in  a  few  hours  by  careless  or  ignorant  handling.  If  the 
brushes  press  too  heavily  it  will  become  scored  or  ploughed  up.  If 
they  press  too  lightly,  or  if  there  is  vibration  that  causes  them  to 
jump,  or  if  they  are  allowed  to  spark,  the  commutator  will  be  worn 
away  in  patches  at  the  edges  of  some  of  the  bars,  and  lose  its 
cylindricity  of  outline.  The  only  remedy  in  this  case  is  carefully  to 
turn  it  or  file  it  down  true ;  this  should  occur  very  rarely.  Another 
occasional  fault  is  a  high  segment  in  a  commutator,  caused  by  some 
inequality  of  expansion,  or  imperfect  manufacture.  Sometimes  this 
can  be  cured  by  judicious  hammering  with  a  wooden  mallet,  or, 
failing  this,  by  filing  down.  A  special  fomi  of  commutator-grinder, 
for  trueing  commutators  that  have 
worn  irregularly,  is  described  in 
the  Electrical  Ra^itiv^  July  24, 
1903,  p.  139.     Another  method  is  ^ 


to  place  a  long  strip  of  glass-paper       ■^' 

under  one  of  the  brush-sets,  and     V  [  \  ]]  ) 

holding  the  ends  of  it  in  the  hands, 
to  press  it  as  in  Fig.  573  against 
the  commutator  while  the  latter  is  Fig.  573, 

kept  slowly  revolving.     Emery  is 

inadmissible ;  but  carborundum  paper  has  the  advantage  over  glass- 
paper  that  it  cuts  the  mica  slips  equally  with  the  copper  segments. 

In  central  stations,  and  in  all  cases  where  reliability  of  supply  is 
imperative,  the  insulation  should  be  tested  every  day.  If  the  insula- 
tion resistance  of  any  part  has  seriously  fallen  (even  though  it  may 
still  seem  sufficiently  great)  the  machine  should  not  be  started 
until  the  cause  has  been  ascertained  and  removed.  A  daily  insula- 
tion test  gives  very  good  indication  of  the  dryness  and  cleanness  of 
the  machine. 
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Diseases  of  Dynamos.^ 

At  least  four-fifths  of  the  mishaps  and  breakdowns  that  occur 
with  dynamos  arise  from  causes  more  strictly  within  the  province  of 
the  engineer  than  in  that  of  the  electrician.  On  the  other  hand, 
many  of  the  mechanical  faults  that  develop  themselves  m  the  machine 
might  have  been  avoided  had  the  engineer  been  possessed  of  a  better 
knowledge  of  the  electric  and  magnetic  conditions  which  obtain 
in  the  running  of  the  machine.  It  is  not  often  nowadays  that 
armatures  fly  to  pieces.  That  disaster  has  seldom  occurred  since 
good  engineers  took  in  hand  the  construction  of  dynamos.  The 
points  which  it  is  diffifcult  for  the  ordinary  engineer  to  grasp  are 
the  mechanical  stresses  on  the  copper  conductors  due  to  the 
magnetic  field,  and  the  necessity  throughout  of  preserving  proper 
insulation.  All  insulation  being  mechanically  bad,  he  is  apt,  in 
attempting  to  give  mechanical  strength,  to  use  the  insulating 
materials  in  some  way  that  vitiates  their  adequacy.  For  want  of 
full  electrical  information  he  may  apply  the  insulation  in  an  erroneous 
manner  and  produce  a  dynamo  which  will  break  down  under  the 
severe  conditions  of  actual  work. 

Burning-out  of  Armatures,— Single  coils  of  an  armature  sometimes 
get  heated  to  redness  and  burn  the  insulation.  Sometimes  a  whole 
armature  will  become  overheated,  producing  a  general  charring. 
The  latter  case  happens  more  often  to  the  armatures  of  motors  than 
to  those  of  dynamos.  For  if  any  excessive  current  is  drawn  by 
accident  from  a  dynamo,  the  torque  on  the  armature  will  generally 
become  so  great  as  to  throw  off  the  belt  or  pull  up  the  engine. 
Whereas,  with  a  motor,  if  the  armature  is  jammed  so  that  it  cannot 
turn,  an  enormous  current  will  continue  to  flow  through  it  if  the 
supply  be  not  cut  off*.  This  is  one  reason  for  the  overload  cut-out 
device  on  motor  starters. 

Short-ciraiiis  in  ArtHatures. — A  short-circuit  in  the  armature  is 
usually  first  brought  to  notice  by  the  smell  of  burning  varnish.  The 
machine  should  be  shut  down  at  once,  and  the  armature  felt  all  over 
with    the   hand.     The   short-circuited   windings  can   generally    be 

^  See  paper  hy  the  author  in  Electrician^  xx.  82,  1S87 ;  see  also  articles  in 
EUktrotechniscke  Zeitschrifi^  xi.  186,  1890 ;  EJcctriccil  IVofiJ,  xiv.  99,  184,  and 
xviii.  3^3,  1891  ;  Crocker  and  Wheeler,  Practical  Afanagenent  of  Dynamos  and 
Motors  (Van  Nostrand,  New  York) ;  Lumrais-Paterson,  Maftagement  of  Dynamos 
(Crosby  Lock  wood  and  Son,  London);  Parkhurst,  **  Diseases  of  Dynamos,*' 
Trans.  Amcr.  Inst.  Elec.  Eng.^  1894. 
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detected  by  their  high  temperature,  even  if  the  varnish  is  not  visibly 
frizzled.  If  the  greater  part  of  the  armature  is  short-circuited  the 
fault  is  not  so  easily  located  by  the  rise  in  temperature.  If  an  inde- 
pendent source  of  current  is  available,  a  very  good  plan  is  to  pass  a 
strong  current  between  two  opposite  bars  of  the  commutator,  and 
compare  the  drop  in  potential  between  the  different  pairs  of  bars. 
An  intelligent  application  of  Ohm's  law  will  generally  lead  to  the 
discovery  of  the  fault  or  faults.  For  instance,  we  know  that  if  the 
armature  is  perfectly  sound  the  fall  in  potential  on  each  side  of  the 
leading-in  point  will  be  the  same,  so  that  a  galvanometer  whose 
terminals  are  attached  to  commutator  bars  at  equal  distances  on  each 
side  of  the  leadiiig-in  point  will  show  little  or  no  deflexion.  As  one 
passes  from  bar  to  bar  the  occurrence  of  a  great  deflexion  will 
immediately  point  to  a  want  of  symmetry  at*  that  point.  The  cases 
that  might  arise  are  so  numerous  that  it  would  be  useless  to  attempt 
an  exposition  of  all  of  them.  The  experimenter  must  trust  to  his 
previous  electrical  training  and  the  application  of  common  ^ense. 
AVhere  there  are  faults  to  the  ironwork  of  the  armature  a  current 
may  be  passed  from  one  of  the  commutator  bars  to  the  ironwork, 
and  a  similar  investigation  made  of  the  drop  in  potential  between 
diflferent  bars.  Another  method  is  to  connect  all  the  bars  of  the 
commutator  together  by  winding  wire  round  it  and  then  passing  a 
current  from  this  wire  to  the  ironwork.  The  armature  will  become 
magnetized,  the  poles  being  in  the  vicinity  of  the  faults.  Methods  of 
locating  defects  in  drum  armatures  are  described  in  the  American 
Electrician^  xii.  p.  179,  1900.  It  may  happen  that  in  the  repair  of 
an  armature,  or  the  re-winding  of  a  burned-out  section,  the  workman, 
if  unskilful,  may  reverse  the  connexions  of  the  section.  That  section 
would  then  generate  a  reversed  voltage,  and  reduce  the  voltage  of  the 
whole  machine  below  its  normal  value. 

A  short-circuit  between  an  imperfectly  insulated  wire  and  the 
iron  core  beneath  it  is  a  fruitful  source  of  trouble.  Not  that  any  one 
such  contact  can  of  itself  produce  any  effect :  but  that  if  there  is  one 
such  contact,  then,  if  a  fault  occurs  anywhere  in  the  lamp  circuit, 
there  will  at  once  be  developed  a  serious  leak  through  earth.  Also 
the  risk  of  shock  to  persons  casually  touching  any  part  of  the  circuit 
is  greater  if  there  is  any  single  fault  in  the  dynamo.  Some  firms — 
chiefly  American^ — prescribe  that  the  dynamo-frame  itself  should  be 

*  The  lightning-arresters  used  on  many  dynamos  in  the  States  are  themselves 
a  source  of  mishaps.  If  the  dynamo-frame  is  properly  earthed  there  is  no  need  of 
a  lightning-arrester  on  the  dynamo.  Efficient  lightning-arresters  should  be  fixed 
outside  the  dynamo-house  where  the  overhead  circuit  enters  it. 
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insulated  from  the  ground.  The  author's  experience  leads  hina  to 
prescribe  that  the  framework  of  the  dynamo  should  on  the  contrar}', 
be  carefully  connected  to  earth.  If  this  is  done,  the  risk  of  accident 
to  attendants — which  is  considerable  in  the  case  of  high-voltage 
machines  insulated  from  their  bed — is  reduced  to  a  minimum.  A 
contact  between  an  armature  conductor  and  the  iron  core  may  occur 
because  of  the  iron  laminae  becoming  loose  and  wearing  through  the 
layers  of  insulation.  If  the  insulation  is  not  waterproof  and  has  got  wet, 
it  may  break  down  when  the  machine  is  run.  Sometimes  armatures 
are  destroyed  by  the  burning  of  the  insulation,  by  the  overheating,  not 
of  the  conductors,  but  of  the  iron  core.  In  such  cases  the  core  has 
not  been  properly  laminated.  The  burning  of  binding  wires,  which 
occasionally  occurs,  is  due  to  want  of  compliance  with  the  sufficient 
and  necessary  electrical  conditions. 

Being  pieces  of  running  machinery,  dynamos  are  liable,  as  all 
engines  are,  to  heating  of  bearings,  if  proper  attention  is  not  paid  to 
lubrication  and  to  the  avoidance  of  needless  dirt. 

Fracture  of  Connexions. — This  most  annoying  fault — the  fracture 
of  the  connecting  pieces  which  lead  down  from  the  armature  con- 
ductors to  the  bars  of  the  commutator — appears  to  be  partly  me- 
chanical and  partly  electrical.  These  connecting  pieces  pass  through 
a  partial  magnetic  field,  and  they  carry  at  times  strong  currents,  which 
are  reversed  twice  in  each  revolution.  Hence  they  are  each  racked 
by  lateral  forces  as  they  rotate,  and  this  incessantly  repeated  breaks 
them  off  at  last.  The  cure  is  either  to  make  them  mechanically  very 
strong,  or  of  stranded  material,  or  to  arrange  that  they  shall  lie  outside 
the  stray  field. 

Disconnexions  in  Armature, — Sometimes  a  disconnexion  occurs 
where  the  armature  conductors  or  windings  are  coupled  up  or  con- 
nected down  to  the  commutator.  The  evidence  of  this  is  (i.)  a 
sparking  that  cannot  be  stopped  by  rocking  the  brushes  forward  or 
backward,  and  (ii.)  one  or  more  of  the  bars  of  the  commutator 
appearing  as  if  burned  at  the  edge.  One  way^  of  finding  the  location 
of  such  a  fault  is  to  run  the  dynamo  very  slowly  on  short-circuit. 
Then  after  a  few  minutes*  run  stop  the  machine  and  see  if  any  of  the 

*  Another  way,  applicable  only  to  drum  armatures,  is  due  to  Loorois  {EteciHcal 
Engineer^  New  York,  December  1891),  and  consists  in  holding  the  armature  by 
hand  and  slowly  turning  it  round  against  the  torque  while  supplied  with  a  current 
from  some  external  source.  If  a  position  is  found  where  it  is  easier  to  turn,  it  is 
clear  that  in  this  position  the  dbconnexion  stops  part  of  the  current  so  that  the 
fault  can  at  once  be  found  by  tracing  the  connectors  which  run  from  those  bars  of 
the  commutator  which  are  at  the  brushes  in  this  position. 
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joints  of  the  connectors  are  hot ;  this  will  indicate  a  partial  dis- 
connexion. If  any  entire  coil  is  found  to  be  hot,  that  is  evidence 
not  of  a  disconnexion,  but  of  a  short-circuit.  Any  disconnected  coil 
in  an  armature  is  verj'  easily  found  by  the  fall  in  potential  method 
mentioned  above.  If  the  fault  cannot  be  remedied  at  once,  and  it  is 
necessary  to  run  the  machine,  the  bar  belonging  to  the  faulty  coil 
may  be  connected  to  the  succeeding  bar  by  a  blob  of  solder  to  stop 
the  excessive  sparking  and  preserve  the  continuity  of  the  armature. 

Defective  Centring  of  Armature. — If  by  reason  of  wear  of  the 
bearings  or  misplacement  of  the  magnet  frame,  the  armature  is 
decentred,  so  that  the  poles  are  unequally  distant  from  the  armature, 
there  will  be  unequal  forces  mechanically,  and  the  different  circuits 
in  the  armature  will  be  compelled  to  carry  unequal  currents,  causing 
undue  heating  and  sparking  at  the  brushes.  For  bipolar  machines, 
and  for  four-pole  tramway  motors  the  armature  is  sometimes  purposely 
decentred  a  little  above  the  level,  in  order  to  relieve  the  weight  on 
its  bearings.  This  must  never  be  permitted  with  any  machine  in 
which  there  are  more  than  two  paths  through  the  armature.  To 
ensure  good  centring  a  small  wedge,  graduated  on  the  face  with 
marks,  for  insertion  into  the  air-gap,  is  a  useful  appliance. 

Flats  in  the  Commutator. — Occasionally  one  of  the  commutator 
segments  will  become  burned  away  or  worn  down  to  a  lower  level 
than  the  rest,  or  two  adjacent  bars  may  be  similarly  affected,  causing 
a  flat  part  on  the  cylindrical  surface.  Various  suggestions  have  been 
offered  to  explain  the  origin  of  flats.  If  one  of  the  bars  was  of 
unusually  soft  copper  it  might  wear  away  faster ;  but  the  occurrence 
is  unlikely.  A  partial  disconnexion  in  the  armature  at  the  part  con- 
nected to  the  particular  bar  of  the  commutator  will  give  rise  to  a 
spark  here  at  every  half-revolution,  so  biting  away  this  bar.  Flats 
have  been  noticed  also  to  spread  along  the  bar  from  a  flaw  at  one  spot. 

Another  undoubted  cause  of  flats  is  a  mechanically  weak  or 
defective  means  of  driving.  If  an  armature,  attached  by  a  three- 
legged  spider,  is  mounted  on  a  weak  shaft  that  bends,  it  is  possible 
that  periodic  vibrations  may  occur  which  will  cause  the  brushes  to 
jump  and  set  up  sparks  at  definite  points  around  the  commutator. 
With  well-constructed  armatures,  well-balanced  and  running  without 
vibration,  there  is  little  fear  of  flats  if  the  pressure  of  the  brushes  is 
sufficient.  Whenever  a  bar  of  the  commutator  shows  signs  of  burn- 
ing along  its  edge,  steps  should  at  once  be  taken  to  prevent  the 
development  of  a  flat.  A  fine  file  should  be  applied  to  smooth  the 
surface  of  the  commutator  in  the  neighbourhood  of  the  threatened 
spot.     Or,  if  need  be,  the  commutator  should  be  very  slightly  turned 
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